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THE QUANTUM THEORY OF BAND SPECTRA AND ITS 
APPLICATION TO THE DETERMINATION 
OF TEMPERATURE 
By RAYMOND T. BIRGE 
: ABSTRACT 


Structure and theory of spectrum bands.—(1) A summary of recent work by Fortrat, 
Heurlinger, Kratzer, and others is given. It is now known that bands in the visible 
have the same structure as infra-red bands, each starting from a line of zero intensity 
and increasing in intensity symmetrically in both directions to maxima, the separation 
of the lines in one branch meanwhile decreasing until it becomes zero and then negative, 
the branch reaching a head. It is shown that Kemble’s formula, m?,,,, =0.699T/Avo, 
for the number of the line of maximum intensity, m,,,,, aS a function of absolute 
temperature and limiting separation of successive lines for m=+1, a formula based 
on the statistical distribution of angular velocity given by the quantum theory, may 
be expected to give fairly accurate values of T though it neglects some factors. 
(2) Evidence is presented to show that Kemble’s formula holds not only for infra-red 
bands but also for the CN band \ 3883. 

Cyanogen band \ 3883.—(1) Position of maximum intensity as function of temper- 
ature. From a study of spectrograms made by Strutt and Fowler and by King, 
m,... is found to vary from 9+ 2 for light from a discharge tube containing active 
nitrogen at about 100°C, to 23+ 2 for light from a furnace at 2500° to 2700°C, while the 
values corresponding to these temperatures as computed from Kemble’s formula are 
8.4, 22.9, and 23.7 respectively. This agreement justifies us in using the formula 
to determine the approximate temperature in the case of arcs, the sun, and similar 
sources which emit or absorb these bands. (2) The intensity distribution in the 
A series from a 13-ampere arc is symmetrical and corresponds to the empirical formula 
log J=1.5 log m—c,m"5+const. (3) The relative intensity of the A, B, C, and D series 
seems to be independent of the temperature. 

Spectroscopic determination of temperature, using CN bands.—From the position 
of maximum intensity on spectrograms made by the author, the temperature of a 
I3-ampere arc was computed to be 4500°C +300, while from King’s spectrograms 
the temperature of a 4-ampere arc comes Out 3900°C + 300. By comparing solar spectro- 
grams taken by St. John with the arc spectrograms the temperature of the reversing 
layer of the sun comes out 4000°C + 500. 
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INTRODUCTION 

King’ has recently obtained spectrograms of the A 3883 CN 
band? in the electric furnace, at temperatures of 2300° C., 2500° C., 
and 2700 C. It seemed to the author that these spectrograms 
furnished valuable material for the quantitative testing of a 
number of points in connection with the quantum theory of band 
spectra, and Dr. King has kindly loaned for this purpose all his 
original plates. He furnished also an absorption spectrogram of 
the A 3883 band, taken in the furnace with the plug at about 3500° C. 
All of these plates were taken in the third order of the 30-foot 
plane grating of the Pasadena laboratory, and have a dispersion 
of 1.73 mm per A. The author is indebted also to Dr. St. John, of 
the Mount Wilson Observatory, for a solar spectrogram of this 
band, having a dispersion of 1.76 mm per A. I have, in addition, a 
series of spectrograms of the \ 3883 band, as emitted by the carbon 
arc, taken in the third order of the 21-foot concave grating of the 
University of Wisconsin (dispersion 1.13 mm per A). Enlarge- 
ments, of varying intensity, were made of all of these plates, on a 
uniform scale of 1.05 cm per A (the scale of King’s published enlarge- 
ment). These and numerous direct contact prints have furnished 
the chief material for a study of the intensity relations in this 
band. Additional quantitative wave-length measurements were 
made from the original negatives, using the eight-inch Gaertner 
comparator for which the author is indebted to the Rumford 
Committee of the American Academy of Sciences. Two pre- 
liminary reports on this work have been made to the American 
Physical Society.*. The present paper is concerned mainly with 
the results submitted in the later report. 

The recent important development of the quantum theory of 
band spectra, as applied particularly to diatomic molecules, was 
initiated independently by Heurlinger? and by Lenz.’ Further 

* Astrophysical Journal, 53, 161, 1921. 

? Theoretical considerations indicate that this band is due to nitrogen, but its 
origin is still a matter of dispute (see Barratt, Proceedings Royal Society {A}, 98, 40, 
1920, and Holst and Oosterhuis, K. Akad. Amsterdam, Proc., 23, 5, 727-728, 1921) 

3 Berkeley, August, 1921 (Abstract, Physical Review, 18, 319, 1921) and Toronto, 
December, 1921. 

4 Physikalische Zeitschrift, 20, 188, 1919. 

S Verhandlungen der deutschen physikalischen Gesellschaft, 21, 632, 1919. 
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developments, of use in the present investigation, have been made 
by Heurlinger’ and by Kratzer.?. In the case of ordinary bands, 
such as the A 3883 band, the empirical formulation of the experi- 
mental material is due chiefly to Heurlinger,’ who elaborated an 
idea first suggested by Fortrat.4 The results are briefly as follows. 

There is no essential difference in the structure of near infra-red 
bands, such as the halogen acid bands investigated by Imes’ and 
by Colby and Meyer,® and many ordinary bands in the visible 
and ultra-violet, such as the \ 3883 CN band, investigated in great 
detail by Uhler and Patterson,’ Birge.* Heurlinger,? Bachem," 
and many previous workers. Each true “band”’ consists of one 
‘“‘series’’ having two similar branches. The common origin of 
these two branches is a line of zero intensity, and is labeled m=o. 


ce 


From this point the positive branch (Heurlinger’s ‘P”’ branch) 
runs toward the longer wave-lengths and successive lines are 
designated m=+1, +2, etc. The negative branch (Heurlinger’s 
‘‘R” branch) runs in the opposite direction and the lines are 
designated m=-—1, —2, etc. Successive lines are not equally 
spaced but crowd closer together in one direction, until the series 
presently reaches a turning-point, where the separation of successive 
lines has become zero, and then turns back on itself. This turning 
point is what has always been known as the “‘head”’ of a band. 
Either the positive or the negative branch may thus invert. In 
the former case, illustrated by the \ 3883 CN band, the band is said 
to be degraded toward the violet, while in the latter case, illus- 
trated by the halogen acid infra-red bands, the band is said to be 
degraded toward the red. 

The two types of bands, ultra-violet and infra-red, do not 
appear similar in structure, due mainly to the fact that the infra- 
red bands have not been followed to the ‘‘head”’ because of the 
rapid decrease in intensity of the lines. But this in turn is due 


t Zeitschrift fiir Physik, 1, 82, 1920. 


2 [bid., 3, 289, 1920. ‘Astrophysical Journal, 50, 251, 1919 
3 Dissertation, Lund, 1918. 6 Thid, 53, 300, 1921. 
4 Thesis, Paris, 1914. 7 [bid., 42, 434, 1915. 


8 Tbid., 46, 85, 1917; Physical Review, 11, 136; 1918. 


9 Dissertation, Lund, 1918. 0 Zeitschrift fiir Physik, 3, 372, 1920. 
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merely to the low temperature of the absorbing molecules, in the 
experimental conditions employed. ‘Theoretically, each line of a 
band series corresponds to a different change of molecular rotation. 
The entire series corresponds to the same change of atomic vibra- 
tory motion for the near infra-red bands, or to a simultaneous 
change in atomic vibratory and electronic rotatory motion, in the 
case of visible and ultra-violet bands. The exact relation between 
the labeling of the lines (value of m) and the number of quantum 
units of angular momentum was in doubt until the work of Kratzer 
(loc. cit.). His conclusions, which seem to the author to be entirely 
valid, are that the missing line (m=o) indicates, in emission, the 
transition from one to zero units of angular momentum (160). 
In absorption it indicates the reverse transition o>1. The posi- 
tive branch always indicates, in emission, an increase in momentum, 
while the negative indicates a decrease. The relations are reversed 
in the case of absorption. The value of m, for any line, thus 
indicates in the case of absorption, the initial number of units of 
angular momentum possessed by the molecule, while in the case of 
emission it indicates the final number. ‘Thus in emission m= -+60 
indicates the transition 5960, m=-—5g indicates the transition 
00> 59. 

In the case of all visible and ultra-violet bands, it has been 
customary to consider a series as starting at the point for which 
Av=o, where a strong head generally appears, and the lines are 
numbered from this point. The numbers thus obtained will be 
indicated, in the present article, by m’, and in the case of the 
3883 band, the actual numbers for the A series are those used 
by Uhler and Patterson (oc. cit.). The idea that a series has two 
branches, centering at a point other than the ‘“‘head”’ of the band, 
is due to Fortrat (loc. cit.) who found that the lines showing irregu- 
larities of position (the ‘‘perturbations’’) could thus be arranged 
in pairs at =m. Heurlinger found that by taking for this new 
origin the point of minimum intensity, similar perturbations 
occurred for the lines' +m and —(m—1). The reason for this 


*Heurlinger in his dissertation had not yet theoretically interpreted the two 
branches. He seems to have adopted the policy of calling the branch which returned 
on itself the negative branch, and gave the lines of this branch negative values of m. 
This is theoretically correct for all bands degraded to the red, but is incorrect for all 
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discrepancy of one unit does not seem to have been explained, 
but the explanation follows immediately from Kratzer’s hypothesis 
and is an important verification of the truth of this hypothesis. 
Thus the lines +60 and —59 show the same perturbation, and 
as previously noted these two lines indicate transitions between the 
same two rotational energy states (59 and 60) but in opposite 
directions. There is evidently an irregularity in this transition 
which affects the emitted and absorbed frequency. ‘The experi- 
mental material at hand has furnished new data on the quantitative 
relations, in the case of perturbations, but this matter is reserved 
for a separate article. Suffice it to say here that Bachem’s results 
(loc. cit.) for the perturbations, from magnetic effects, are inde- 
pendently confirmed by King’s furnace plates, while the similarity 
of corresponding perturbations is even greater than has been 
supposed. 

Heurlinger found that by taking the origin of a band series at 
the point of minimum intensity, the two “‘branches”’ of the series 
show qualitatively a similar intensity-curve. Each branch begins 
at zero intensity, rises to a maximum, and then decreases. Heur- 
linger also called attention to the fact that the intensity distribution 
in at least one branch changed with physical conditions and could 
be interpreted as a change due to temperature. In the case of 
near infra-red bands, each branch changes with temperature, 
the point of maximum intensity moving toward the higher m’s, as 
the temperature increases. The main purpose of the present 
investigation has been to make a quantitative study of this matter 
for the A 3883 band. 

The theoretical material on this point is as follows. The 
intensity’ of an absorption line (in band spectra) depends on three 
factors, 1.e., 

I =(Em'— Em) Bm’ Om (1) 


bands degraded to the violet. In agreement with most other investigators such as 
Bachem (loc. cit.) the author in his August, 1921, report used the original Heurlinger 
nomenclature for the \ 3883 band. But in the present paper the theoretically correct 
nomenclature is used, thus reversing the sign of m, and the designation of the two 
branches. In the old nomenclature, the rule for equal perturbations reads +m and 
—(m-+1). 


* Heurlinger, Zeitschrift fiir Physik, 1, 82, 1920. 
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where the transition is from m to m’ units of angular momentum. 
The first factor (energy change) is proportional to the emitted 
frequency and changes by only 6 per cent during the course of the 
longest (A) series of the \ 3883 band. The second factor gives 
the probability of a transition from m to m’, under the influence 
of absorbed radiation of the proper frequency. Little is known 
concerning this factor except that, from experimental data, it 
changes rather slowly in value with m, if m is not too small. It is 
also probable that 
Bm+1= Bm-t- 

The third factor, a, gives the number of molecules, at any 
instant, possessing m units of angular momentum. A statistical 
distribution of angular momentum is to be expected, on either 
classical or quantum theory, and such a distribution was computed 
first by Kemble,’ who applied it to the 4.7 « CO infra-red band, on 
the assumption that the intensity depended on this one factor 
alone. Kemble, as a matter of fact, worked out the distribution 
of angular velocity, and accordingly the results hold for angular 
momentum only in case J =constant, where J refers to the initial 
moment of inertia, in the case of absorption. This does not 
exclude a possible change in the moment of inertia (from J to J’) 
during the transition, due presumably to the change in vibra- 
tion and electronic configuration. What is required is that J 
and J’ be independent of the amount of molecular rotational 
energy. If J=J’ the lines of a series would have constant fre- 
quency difference. If J=constant, and J’=another constant, 
then Deslandres’ parabolic law should be true. But Deslandres’ 
formula is probably not accurately true for any known band,° 
including infra-red bands, and this indicates that J (and pre- 
sumably J’) both vary slowly with m. No attempt has yet been 
made to interpret the variation quantitatively in terms of J and J’. 

Thus Kemble’s formula is not a true expression for a,, but 
probably approximates it very closely. The value of m correspond- 

t Physical Review (2), 8, 689, 1916. 

2See Sommerfeld’s Atombau (second edition), pp. 550-566, for a summary of 
the work underlying these conclusions. 


3 Birge, Physical Review (2), 13, 360, 1910. 
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ing to the line of maximum intensity is given, in Kemble’s formula, 
by 

Mmax = =I kIT. (2) 
where 4 = Planck’s constant (6.55 X 107?’ erg-sec.), k=gas constant 
per molecule (1.372 X107 “°erg/degree) and 7’=absolute tempera- 
ture. If J is constant, its value can be accurately obtained from 
the limiting separation of successive lines (Av) for m=-++1, in which 
case 

Avy=h/4nJ 2 

Hence it is possible to compute the temperature of the absorbing 
molecules, from the value of m for the line of maximum intensity, 
in either branch of a band series. Heurlinger (dissertation, p. 65) 
obtained this result, but considered that from experimental evidence 
only qualitative values of temperature were to be expected, in the 
case of ordinary band spectra. It will, however, be shown in this 
article that from recent experimental evidence the various approxi- 
mations made must have relatively little effect, so that a close 
estimate of temperature is possible. Since in the case of discon- 
tinuous emission and absorption by vapors, no other method of 
quantitative temperature determination is as yet known, any 
results, even if approximate, should be of value in both terrestrial 
and astronomical work. 

A formula similar to (1) applies to the case of emission, but the 
explanation of the expected value of the various factors is more 
involved. It therefore seems simpler to use the fact of the known 

‘In Sommerfeld’s Alombau (p. 555, 2d edition) J’ denotes the true moment of 
inertia (i.e., that corresponding to the initial state in the case of absorption, or to the 
final state in the case of emission). Sommerfeld’s equations then indicate that J’ is 
to be obtained from the limiting Av for m=o. But, as used by Sommerfeld, m refers 
to the initial amount of angular momentum, in the case of emission, and as Kratzer 
has shown, the line m=o is then not the missing line, but the first line of the positive 
branch. Hence the true moment of inertia (designated J in this article) is to be 


obtained directly from the value of Av corresponding to the first line to the red of the 
missing line (designated here as m=+1) while the value of Av corresponding to the 


missing line itself gives J’, the moment of inertia of the molecule in an “‘energized”’ 
condition. Kratzer himself used an analytic method for obtaining the correct value 
of Av, for the halogen acids, but an equally accurate value can be obtained readily 
from a simple graph of Av and m, using the value of Ay corresponding to m=-+1. 
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similarity of absorption and emission spectra, and to express all 
results, for either emission or absorption, in terms of the absorption 
formula. 
EXPERIMENTAL DATA AND RESULTS 

The A 3883 CN band consists actually of five overlapping bands, 
each formed by one complete series. The positive branches of 
each of the five series (called the A, B, C, D, and E series) return 
on themselves, and thus cause the five heads of this band. Each 
series is a doublet series, with variable doublet separation (Az), 
but corresponding terms (=m) in the two branches have the 
same value of An, another criterion for the division into branches. 
The value of An is zero for m=o. From here An increases to about 
0.037 A at m= — 28 (the first resolvable doublet) and to a maxi- 
mum of about 0.075 A at m=—75. It then diminishes toward 
zero, the last resolvable doublet being m=—126. It is probable 
that the entire An:m curve is symmetrical with respect to m=75, 
and can be considered as practically linear in the region of the 
unresolved doublets. This latter assumption was checked by 
the measured width of the unresolved doublets, after correcting 
for variation due to intensity. 

Because of the blending of lines of the various series, the strong 
A series presents the best material for study. It has, however, 
been possible to secure enough data on the other series to indicate 
quite definitely that the results herein presented for the A series 
apply to each of the other series. The A series has its origin 
(m=o) at \ 3875.198, this being the theoretical position of the 
missing line (m’ = — 28) of the A, ‘‘singlet”’ series.'. The positive 
branch proceeds toward the \ 3883 head as a series of apparently 
single (A,) lines, but returns as a series of doublets (A,). Actually, 
as noted, the A, lines are increasing in width and from analogy 
with the negative branch, the first resolvable doublet should be 
just at the A 3883 head (m=+28). It is this apparent discrep- 
ancy in the two portions of the positive branch which so long 

1 If, beginning at the \ 3883 head, the lines of the A; series are labeled by negative 
values of m’, while the adjoining A, doublet to the red is given by an equal positive 


value, then m=m’+ 28, always. The missing B, line is m’=—29. Hence the trans- 
formation for the B series is m=m’+ 29, while for the C series it is m=m’+-30. 
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hindered a true realization of the facts. The details concerning 
this and other matters connected with the frequency relations in 
the \ 3883 band are reserved for a separate paper. 

A quantitative curve of the intensity distribution of the nega- 
tive branch of the A series (consisting entirely of A, lines) has 
been obtained from the series of exposures (all on the same plate) 
taken with a 13 ampere 170 volt carbon arc at the University of 
Wisconsin. The usable exposures vary from 40 minutes to 15 
seconds in length. ‘The results were obtained by finding lines of 
equal photographic blackening, assuming the “ Reciprocity Law” 
(Ji=constant, for equal blackening). This law is known to be only 
approximate, and in even the modified Schwarzschild formula 
IT’ =constant, it appears that p can have a considerable range of 
values, depending on many different circumstances." However, 
under the conditions employed by the author, it is believed that 
the error over the entire intensity-curve will be less than possibly 
50 per cent, while for the restricted portion of the curve which is of 
chief value, the error should be quite negligible. 

It was found that by using on the prints only lines of rather low 
intensity, the error of a single comparison was about to per cent, 
and this could be greatly reduced by averaging many independent 
comparisons. The prints were cut up, and the lines to be com- 
pared brought into actual contact. One of the inherent difficulties 
is due to the fact that resolved doublets have frequently to be com- 
pared with unresolved doublets. This was partly overcome by 
making prints on medium contrast (Azo) paper, so that none of the 
doublets were resolved. On maximum contrast Azo (used for 
both prints and enlargements) the definition is equal to that on 
the original negatives, while with proper exposure, the intensity 
variations are far more evident to the eye. 

Tu this work it is essential that there be used only lines quite 
free from all other lines. While it is frequently evident that 
lines are “blends,’’ it is not so evident in many other cases, and 
certain knowledge on this point results only from a complete 

t See Odencrants, Zeitschrift fiir wissenschaftliche Photographie, 16, 111, 125, 189, 


1916, for complete review of work to date, and Helmick, Physical Review, 17, 135, 
1921, for the latest results. 


DES 
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analysis of all of the series of the band, i.e., a computation of the 
“theoretical” position of every line of every series. The author, 
as a result of his work on this band (loc. cit.) has such data for all 
of the stronger series, and the only series or portions of series still 
not analyzed are of such low intensity that they can scarcely 
produce any appreciable error. This data, most of which is still 
unpublished, has been of invaluable aid in this entire investigation. 
A very few theoretically “free” lines show irregular intensity, but 
in most cases this is evidently due to the effect of extraneous 
lines (line spectrum of carbon ?) of which there are quite a number 
scattered throughout the band. 

The variation of intensity throughout the observed A series 
lines is about seven hundred fold. The Kemble formula does not 
fit the intensity-curve obtained. Thus if the theoretical and 
experimental curves are made to coincide at the point of maximum 
intensity (m=— 30.4) the experimental value at the last known 
line at m= —137 (4.5 times 30.4) is 5.5 times too large, and this 
evidently exceeds the possible experimental errors. As far as 
the chance experimental errors of the blackening comparisons are 
concerned, it is believed that the curve is accurate to about ro 
per cent, except for very small values of m(o-5) where the error 
may be much greater. Other possible sources of error are (1) 
change of sensitiveness with wave-length of the plate, (2) uneven 
illumination of the printing paper, (3) uneven development of the 
plate or paper. It is thought that none of these causes separately 
would produce errors much in excess of ro per cent. It is there- 
fore believed that the foregoing discrepancy is due to the various 
approximations inherent in the use of the Kemble formula for the 
distribution of intensity, i.e., the neglect of the first two factors 
in equation (1), and the assumption of constant J. 

It is convenient to have a purely empirical equation for the 
experimental curve, and such an expression is found to be 


=cym?e—O™ , ( 


The corresponding Kemble formula is 


Il =cyme—"™ (4) 
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Equation (3) fits the experimental curve to within about ro per 
cent from m=5 to 137, taking mmax, = 30.4. 

The only previous quantitative work on the distribution of 
intensity in this band is that of Haferkamp,’ where, however, only 
the region \ 3883 to A 3865 was studied. The quantitative portion 
of this work was based purely on the equality of the three lines 
of certain A,A, triplets. At these points (m’=15 and 35, accord- 
ing to Haferkamp) the A, and A, series are taken to be of equal 
intensity. Actually, however, since the A, line is an unresolved 
doublet, the A, term is twice as strong as the A,. In addition 
Haferkamp finds an irregularity at m=—4. This results from 
his misinterpretation of the A, perturbation at that point. The 
lines comprising the perturbations are, I believe, regular as regards 
intensity, and irregular only as regards position. The net result 
is that Haferkamp’s intensity-curves are more or less irregular, 
and are not symmetrical for the two branches, a fact which has 
caused a real difficulty in the application of theory.’ 

Now while it is not possible to obtain directly a complete 
intensity-curve for the positive branch of the A series, enough 
intensity comparisons of the lines of the two branches can be made 
to make possible the conclusion that within the rather narrow 
limits of experimental error the distribution of intensity in the two 
branches is probably exactly the same. ‘This result seems to the 
author of considerable importance, for it shows that these CN 
bands are entirely similar to the infra-red bands in intensity dis- 
tribution, and thus furnishes a foundation for the use of the quan- 
tum theory of band spectra in the quantitative determination of 
temperature. But while the two branches seem to have intensity- 
curves of the same shape, the actual intensity of the positive 
branch averages some ro to 20 per cent greater than that of the 
negative. The difference appears to be independent of the wave- 
length separation of the two lines compared (amounting to 3 
to 85 A), and so can scarcely be due to a possible change with wave- 
length of the sensitiveness of the photographic plate. 


t Zeitschrift fiir wissenschaftliche Photographie, 9, 19, 1910. 


2 See Eucken, Jahrbuch d. Radioaktivitat und Elektronik, 16, 397, 1920. 
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Equation (1) indicates why the distribution of intensity in the 
two branches should be at least very closely the same. For in 
the case of absorption each pair of corresponding lines (+m), have 
the same a,, term; theory indicates that the middle factor should 
have the same value for the lines of a pair (i.e., the transitions 
m>m—1 and m>m-+t1 are equally probable for absorption); 
and the first factor differs at the most by 2 per cent (85 A) for the 
two lines of a pair. 

While the experimental results thus indicate that Kemble’s 
formula is only approximate, as applied to the complete intensity 
distribution in the \ 3883 band, it seems to the author probable 
from theoretical considerations that equation (2) giving the max 
should be more nearly correct. Let us first see if this equation 
checks in the case of infra-red bands. E. v. Bahr, using the 
classical theory, showed that between 17° and 1430 C. the fre- 
quency separation of the maxima of the two branches was directly 
proportional to ) 7, as predicted. On quantum theory it is not 
the frequency separation, but the separation in terms of number of 
lines that should vary with | 7, i.e., mmax=k! T. If the lines 
were equally spaced, as they are approximately, the two viewpoints 
would coincide. In the work quoted the results to be expected by 
the two theories differ by less than the experimental error, so 
that the quantum theory is equally well substantiated. 

The best infra-red data is that by Colby and Meyer (Joc. cit.) 
for the fundamental HCI band, at room temperature, and at a 
temperature described as “the tube was heated to a glow which 
could just be seen in a darkened room.” I take this to be about 
500 C. It is convenient to express formula (2) in terms of the 
limiting Av for m=+1. (Avy.=h/4m7J.) One thus obtains 


T=1 431 AvoMmax (5 ), 
where Avy, is expressed in frequency units. Using the accurate 
value of Av, (21.30) computed by Kratzer? (loc. cit.), for T = 300° 
absolute Mmax=3-13, for 773°, Mmax=5-03. Colby and Meyer’s 

* Verhandlungen der deutschen physikalischen Gesellschaft, 15, 731, 1913. 


2This value is from Imes’s data. Colby and Meyer’s data yield the same value, 
from the Av:m graph. 
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curves (op. cit., p. 301) indicate that these values are correct, as 
nearly as can be ascertained. 

Let us turn again to the A 3883 band. The outstanding feature 
of King’s furnace spectrograms is the redistribution of intensity 
in each branch of the various series, as compared to the arc expo- 
sures." Due presumably to the lower temperature of the furnace, 
the mmax has a smaller value, and starting at m=o each branch 
increases very rapidly in intensity. There is a correspondingly 
rapid falling off of intensity for the larger values of m. Thus 
in my 13 ampere arc the lines m=4 and 83 are approximately 
equal, while in the 2700° furnace the equality is between m=4 and 
52. In the 13 ampere arc m=52 is 4.5 times as strong as m=83. 
But again theory is verified by the fact that the redistribution of 
energy is the same for each branch. Thus self-reversal starts in 
the 2700° furnace at m=61 and 13, in each branch; and in the 
2500 spectra at 51 and 3, in each branch, as nearly as can be 
judged. A direct comparison of m=+1, +2, and +3 seems to 
indicate a small difference in absolute intensity of the two branches, 
but probably not as great as that in the case of the arc spectra. 
The +61 and +51 equalities would indicate no difference, but 
this criterion is not a very sensitive one. 

The experimental difficulties in determining intensities are much 
greater, in the case of the furnace spectra, due to the self-reversal 
of the stronger lines. It has, however, been possible to obtain mmax 
directly by measurements of the width (a) of the self-reversed 
portion of the lines, since this width varies rapidly with intensity. 
King’s furnace plates contain an arc comparison (arc of about 
4 amperes, 170 volts). The width (e) of the emission line was 
subtracted from a. This eliminates the variation in a due to 
changing doublet separation. (In the region used the doublets 
are still unresolved.) The (a—-e) computed was then corrected for 
the variation in e due to intensity, the amount of this correction 
being determined by a separate study of the width of single arc 
emission lines. The resulting corrected values of (a-e) gave a 
fairly smooth symmetrical curve, with a definite maximum. In 
the case of arc spectra, a direct determination (method 1) of mmax 


™ See King, op. cit., Plate XX. 
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is possible, as well as an indirect method (method 2) from pairs of 
lines of observed equal intensity, using formula (3). The direct 
comparison is of course virtually the comparison of pairs of lines 
of equal intensity, but close to mma, so that the arithmetic mean 
may be used. 

One of the first facts noted in this investigation was that King’s 
4 ampere arc did not show the same intensity distribution as 
my 13 ampere arc. Thus consider the A,A, “triplet”? m’=33 
(the first to the red of the second head). In the 4 ampere arc all 
three lines are of practically equal intensity, as shown on King’s 
published enlargement. In the 13 ampere arc the A, line is decid- 
edly weaker than the two A, lines. As far as can be ascertained, 
equation (3) applies equally well to the 4 ampere arc. Nothing 
can be said as to the furnace spectra, since the data are too frag- 
mentary. Likewise no quantative results seem possible, for the 
2300 C. furnace plate, due to the weakness of the lines. 

The experimental values of max are as follows: 


Method 1 Method 2 
13 amp. arc, Mmax = 301 30.4 
4 amp. arc, Mmax = 28+1 28.2 
2700 furnace max = 232 
2500° furnace max = 232 


Further material on this band is furnished by its appear- 
ance in active nitrogen.? Although the published photograph is 
one with rather small dispersion, I estimate mma, at g=2. The 
A series at this point is however contaminated by the B series, and 
a more accurate value is obtainable from the \ 4216 band, since 
here the A series is not thus contaminated. It has, moreover, 
practically the same Ay, and therefore its mpax should be the 
same. The result is 813. The peculiar appearance of these 
bands, in active nitrogen, is in fact due solely to the radical redis- 
tribution of intensity in each branch of the various series. Thus 

1 Since unconscious bias can easily enter into such determinations, it seems only 
fair to state that all of the quantitative results here presented were obtained before 
their quantitative theoretical significance was fully realized, and no change of any 
kind in the data has since been made. The value of 22 given for the furnace spectra in 
the August report was a preliminary one, based on a few uncorrected (a-e) readings. 


2Strutt and Fowler, Proceedings Royal Society (A), 86, 1911. Plate opposite 
D. 127. 
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in the neighborhood of m=o, the usual appearance of the band, 
under low dispersion, is due almost solely to the A, lines, the A, 
lines being very faint. But in active nitrogen, the A, series is 
practically missing, due to the rapid decrease in intensity for higher 
values of m. These photographs also indicate most beautifully 
the similar redistribution in the other series of the CN bands. 
The relative intensity of the A, B, C, and D series, in active nitro- 
gen and in King’s furnace plates, seems to be changed but little, 
if at all. 
The value of Av, for the A series of the \ 3883 band’ is 3.704. 
Putting this value in equation (5) we have 
"= 5.30 Mmax- (6) 


From 
Mmax = 8213, T=70° C.% 150°. 


Strutt considers the temperature in active nitrogen about 100° C. 
E. P. Lewis thinks this estimate too high. The temperature must 
be above room temperature but probably very little above. Using 
the reverse process for the furnace spectrograms, we have 


. a ony —ana & 
= 2700 C. gives Mmax= 23-7 


7 
T=2500 C. gives mMmax= 22.9 


The experimental values were 232 in each case. It therefor 
seems to the author that there is fairly conclusive evidence to the 
effect that over a considerable range of temperature, formula (2) is 
capable of giving quantitative results. This formula admittedly 
involves a number of real approximations, but the errors thus 
introduced seem to be smaller than the necessary experimental 
errors involved in determining Mmax- 

It further seems that formula (2) should yield at least very 
approximate results in the case of higher unknown temperatures, 
in the case both of absorption and of emission spectra. It will 
be noted that in the previous data, the HCI band is in absorption, 
the active nitrogen in emission, and the furnace spectra mostly 
self-reversed and so a combination of emission and absorption. In 
postulating a similar intensity distribution for emission and 


t Heurlinger’s value of c, (=Av for m=0) is 3.84. The value of Av for m=-+1 is 
obtained from ¢,-2¢,= 3.84—2 X0.068. 
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absorption spectra at the same temperature, all that is assumed is 
that two lines of equal intensity in absorption will be of equal 
intensity in emission, and that the line having the greatest absorp- 
tion coefficient will also show the greatest emitted intensity. 
The actual photometric curve of an absorption spectrum will of 
course depend on the depth and density of the absorbing layer. 
The same statement is true, to a lesser degree, for emission, as is 
indicated by the phenomena of self-reversal. 

King’s absorption plate of the 3883 band yields information 
on this subject. The plate was taken with the plug at 3500° C., 
and Dr. King estimates the effective temperature of the vapor as 
in the neighborhood of 3000° C. An accurate comparison of this 
plate with the furnace spectrograms is difficult, due as usual to the 
self-reversal in the latter, but the results are as follows. The 
absorption intensity relations are definitely different from those of 
the 2500° C. furnace plate, and as nearly as can be ascertained, the 
same as those of the 2700° C. plate. The difference, if any, is 
such as to indicate a higher temperature. I, therefore, estimate 
its temperature as 2700-2900 C. From the known plug tempera- 
ture, this value cannot be very greatly in error. 

Formula (2) can now be applied in two cases to the determina- 
tion of unknown temperatures, (1) the CN vapors of the electric 
arc, (2) the CN vapors in the sun’s reversing layer. 

From the data for max already given (method 1), we have 
for the 13 ampere arc 7 =4500° C+ 300°, and for the 4 ampere arc 
T =3900 C+300. It is known that the hottest portion of the 
arc crater is about 4000° C., but it seems very probable that the 
vapors are still hotter, since it is the impact of the electrons and 
ions of these vapors which causes the crater temperature." The 
author is aware that there is considerable uncertainty as to just 
what is meant by ‘“‘temperature”’ in a case like this, where there is 
no thermal equilibrium. The same problem enters into many 
questions concerning solar and stellar temperature. The term 
“effective temperature” is therefore used, leaving open the ques- 
tion of its relation to temperature, as measured by more ordinary 
methods. 


*See Marx, Handbuch der Radiologie, 4, 378-390, for summary of work on this 
subject. 
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In the case of the solar spectrum of the \ 3883 band, it is impos- 
sible to obtain directly the value of max. The only available 
criterion is a comparison of relative intensities of adjacent lines 
in the solar and in the arc spectrograms. The best lines for this 
purpose are the “‘triplet’”’ groups in the neighborhood of m=o. 
For the A, lines quickly rise in intensity, going in each direction 
from this point, and presently equal in intensity the adjacent 
A, lines. The point where this equality occurs varies with the 
temperature. -The available data are even more fragmentary than 
is indicated in Rowland’s table,' for a detailed comparison of intensi- 
ties, using enlargements of St. John’s solar plate, indicates that 
many CN lines marked as free by Rowland are actually blends.? 
The only really available triplet groups seem to be those for which 
m'’=16, 18, 19, and 26. Of these m’=19 (A 3879.851, A 3879.796, 
and \ 3879.716, on Rowland’s scale) furnishes the most sensitive 
criterion. For this group, the furnace spectra and King’s absorp- 
tion plate show A, much stronger than the two A, lines. King’s 
4 ampere arc shows the three lines equal. In my 13 ampere arc 
A, is slightly weaker than A,. In the sun the three lines seem 
equal. If there is any difference, A, is the stronger. Hence 
the solar temperature is in the neighborhood of the effective temper- 
ature of the 4 ampere arc (4000°C.). A study has been made 
also of a large number of “‘free’’ solar CN lines, and the results are 
in at least qualitative agreement with this conclusion. A quantita- 
tive study does not seem possible. 

Grebe and Bachem’s micro-photometric curves’ yield similar 
results.4 It should be noted, in this connection, that the curves on 
page 419 are mislabeled. The actual A, lines marked by dots in 
both arc and sun are m’ = 25, 23, and 18, and not 26, 24, and 19 as 
the printed wave-lengths indicate. In these curves the red is to the 
right, except in the solar \ 3879.716 curve. The scale is 2cm=1 A. 

t Astrophysical Journal, 1, 29, 1895. 

2 My first estimate of solar temperature (4700° C.) was partly due to the accidental 
use of such lines. 

3 Zeitschrift fiir Physik, 2, 419, 1920. 

4 Grebe and Bachem’s \ 3873.504 curves seem to furnish the best material for 
this test. But this triplet group (m’= 31) is not usable in the sun, and the published 
‘‘solar’’ curve has seemingly no relation to the actual solar spectrum at this point. 
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The results show that Grebe and Bachem’s arc is about the same 
temperature as my 13 ampere arc, while their solar curves indicate 
a lower temperature than their arc, but possibly not as low as that 
of the 4 ampere arc. This temperature of about 4000 C., accord- 
ing to Dr. St. John,‘ is lower than anticipated, but I feel that it is 
probably correct to about 500° C. 

The only other method for such determinations is that of Saha? 
but this method requires a knowledge of the pressure, so that the 
temperature determinations may be in error by large amounts. 
It would seem as though the present method, with increasing 
theoretical knowledge, should be capable of fairly accurate quanti- 
tative results. Meanwhile many possible investigations immedi- 
ately suggest themselves, such as a determination of the relative 
temperature in sun-spots and in other portions of the solar atmos- 
phere, and the variation of effective arc temperatures with varying 
physical conditions. In this connection it is to be remembered 
that in addition to the CN bands, others such as the \ 5165 Swan 
band: are already known to exhibit similar variations with tempera- 
ture, and may therefore be used in such work. 

PHYSICAL LABORATORY 

UNIVERSITY OF CALIFORNIA 

January 1922 

* Personal communication. 

2 Zeitschrift fiir Physik, 6, 40, 1921, and contained references 

3See King (Joc. cit.); Konen, Das Leuchten der Gase und Dampfe, p. 317; and 


Heurlinger, Dissertation, pp. 46-55. 











THE ARC SPECTRA OF GALLIUM AND INDIUM 
By H. S. UHLER anp J. W. TANCH 
ABSTRACT 


Arc spectra of gallium and indium, \ 4511 to \}2170.—To identify the lines, 
spectrograms obtained with the pure elements and with various compounds and 
mixtures were compared; these were made with a short focus concave grating spectro- 
graph and with a large quartz prism spectrograph. For the accurate determination of 
the wave-lengths, spectrograms were made with a 21-foot concave grating, special 
precautions being taken to minimize pole effects, to avoid mechanical displacements 
and to obtain the lines sharp and separated from close lines of other elements. The 
wave-lengths for air, accurate in most cases to a few thousandths of an angstrom, and 
the vacuum wave-numbers are given for 23 gallium lines and for 34 indium lines. 
All the gallium lines and 28 of the indium lines were found to belong to the two sub- 
ordinate series, for each of which from 5 to 8 terms were identified. Preliminary 
values of the constants of the Ritz-Paschen formula for these series were calculated for 
both elements, but the agreement between observed and calculated wave-numbers 
is not satisfactory. The Mogendorff-Hicks formula was tested for gallium with even 
worse results. Four indium lines, previously supposed to be single, were resolved into 
from three to six components each. 

Absorption spectrum of indium in a furnace.—Specially designed furnaces were 
used but only AX 4511 and 4102 were obtained. 


INTRODUCTION 

The present paper largely fulfils the promise made in the fol- 
lowing quotation: ‘‘As soon as possible the wave-lengths of the 
gallium lines will be accurately determined by means of a 21-foot 
grating so that the constants of the series formula may be cal- 
culated independently of the analogous data of aluminium, thallium, 
indium, etc.’”” 

The necessity for the investigation is sufficiently stated by 
H. Kayser? in the sentence: ‘Alles in Allem ist das Spectrum des 
Ga noch so gut wie unbekannt.’”’ The data for indium given in 
the fifth and sixth volumes of the same classic show that spectro- 
scopic work on this element is also highly desirable. 

The bibliography of the subject may be dispensed with by 
merely referring to Kayser’s Handbuch and to a more recent paper 
by F. Paschen and K. Meissner.’ 

* Philip E. Browning and Horace S. Uhler, American Journal of Science, 41, 351, 
1916; see also, ibid., 42, 389, 1916. 

? Handbuch der S pectroscopie, 5, 461, 1910. 


3 Annalen der Physik, 43, 1223, 1914. 


2g0I 
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The experimental work was begun before the year 1916 and it 
was closed in August 1919, but the attempted calculations and 
preparation for publication were inordinately delayed, first by 
the war and later by the temporary incapacity of the senior author. 

The investigation involved two problems, the first of which 
consisted in vaporizing carefully purified metals in the arc in order 
to identify all of the lines radiated respectively by gallium and by 
indium, and to obtain the approximate wave-lengths of these 
lines. The second problem involved a more detailed study of the 
discrete lines and the more accurate determination of the wave- 
lengths of all the lines, except the very faintest ones. 


APPARATUS, MATERIAL, AND METHOD 


For the identification of the lines most of the spectrograms 
were obtained with two instruments: (a) a grating spectrograph’ 
of one meter radius of curvature designed by the senior author, 
and (b) a large quartz prism spectrograph of the Littrow type 
made by A. Hilger and owned by the American Brass Company 
in Waterbury, Connecticut. Most of the films used in the grating 
apparatus were made either by the Wratten & Wainwright Com- 
pany or to special order—through the courtesy of Dr. C. E. K. 
Mees—by the Eastman Company. The plates employed in the 
prism spectrograph were Wratten and Wainwright backed, red- 
sensitive plates and also special Schumann plates made and 
presented by Dr. I. C. Gardner. Unfortunately the plates last 
mentioned did not bring out any more lines in the ultra-violet 
than were recorded on the Wratten plates. Since the Schumann 
plates were of excellent quality, the negative result obtained with 
them indicated that the lines of high order were not radiated with 
observable intensity under the experimental conditions of the arcs. 
The metals were prepared and purified by the senior author, and 
they were vaporized upon positive electrodes either of Acheson 
graphite or of copper. This part of the work should be thoroughly 
reliable, as a large number of spectrograms were also taken with 
the materials which Browning obtained while studying the chemical 
separation of gallium and indium. 


t American Journal of Science, 41, 353, 1910. 
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For the more accurate determination of the character and 
wave-lengths of the stronger lines the large grating spectrograph 
of the Sloane Laboratory was used. The grating was ruled by 
J. A. Anderson; it has a radius of curvature of about 640 cm 
(21 ft.) with 590 lines per mm (15,000 per inch). The mounting 
is according to Rowland’s plan and it is characterized by great 
rigidity. The foundation upon which the whole apparatus rests 
is of solid masonry and it is situated in the sub-basement of the 
building. The grating-room was specially designed to maintain 
constant temperature, a condition that is admirably fulfilled. 
The spectral lines between \ 4511 and A 2932 were obtained by 
using both the second and the third orders, while the range between 
2932 and \ 2300 was obtained only in the second order. The 
linear dispersions in the second and third orders are about 1.32 A 
per mm and 0.87 A per mm, respectively. The grating was very 
carefully tested to ascertain whether it would admit of the use of 
the ‘‘method of coincidences.”’ This test was necessary because 
the ultra-violet lines of the third order were determined by inter- 
polation between the standard iron lines of the second order. It 
was found that the grating fulfilled the requirements well within 
the limits of experimental error. This result was not unexpected, 
since it is in full accord with the investigation of Miss J. T. Howell." 

In several cases (e.g., Ga 2874) the lines under investigation 
sensibly coincided with iron lines and hence necessitated the use 
of a semaphore. The base upon which this screen was mounted 
was screwed to the rigid foundation of the spectrograph, very 
close to the incidence side of the camera. In order to avoid dis- 
placing the plate during exposure, the semaphore was raised 
or lowered by means of cords passing through the partition between 
the arc-room and the grating-room. 

The plates used with the large grating were Cramer Isochromatic 
Instantaneous and Seed 26 and 30. Jewell’s simple hydrochinone 
developer was invariably used with these plates. 

In order to minimize the pole effect of the iron arc and to com- 
ply with the then recognized regulations for international standards, 
a modified form of the Pfund arc was employed.? This arc had a 


t Astrophysical Journal, 39, 230, 1914. 


2 Ibid., 42, 231, 1915, and 46, 150, 1917. 
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length between 8 mm and 12 mm with a direct current of 5 amperes 
or less fed by 110 volt mains. Under these conditions it burned 
steadily as long as desired without restriking. <A length of about 
1.25 mm at the central portion of the arc was used as the source of 
illumination of the slit, the light from the remaining portions 
being screened off by a metal diaphragm which was perforated by a 
rectangular hole 1.25 mm high and much wider horizontally. This 
diaphragm was placed about 7 mm from the flame and it was rigidly 
attached to the base of the lamp. The upper, or negative, electrode 
was a rod of common carbon, while the positive electrode consisted 
of pure electrolytic iron kindly supplied by the United States 
Bureau of Standards. All the other specimens of iron tested con- 
tained manganese as an impurity, several of the lines of which nearly 
coincided with certain gallium and indium lines. 

The secondary interferometer standards published by the 
Bureau of Standards' were used for the region between \ 4528 and 
X 3233, while for wave-lengths shorter than \ 3233 the earlier 
data given by Fabry and Buisson were employed. 

The original source of the gallium and indium was a leady 
residue which contained these metals as impurities to the amount 
of about 0.5 per cent and 2.0 per cent, respectively. This material 
was usually shaved into small fragments with an ice-plane and 
then tamped into a deep hole that had been drilled in the axis of a 
rod of Acheson graphite. When the lines radiated from the 
positive electrode thus formed were too widely reversed, the leady 
residue was diluted by stirring little pieces of it in ordinary lique- 
fied lead. After the mixture or solution became homogeneous it 
was poured into cored carbon or graphite rods. In cases where 
the lines under investigation were obscured by lead lines, indium 
hydroxide or indium oxide, containing gallium as an impurity, 
was used in the cores. In other cases, lead oxide, reduced from 
lead nitrate which had been obtained as a by-product in the 
chemical work, was used to advantage. The upper electrode was 
invariably a rod of common carbon. 

The exposure time was usually 5 min. or 10 min., but sometimes 
an hour or more. In some cases, half the exposure to the iron arc 


t Bulletin No. 274, 1910. 
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was given, then the full exposure to the material in question, 


finally, the second half of the iron exposure. 


Check plates 


always taken with the iron lines impressed simultaneously 


the lines of the rare elements. 


Gallium. 
in Table I. 
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The numbers in the first column are merely for 
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involved. This scheme avoids overlapping of braces and con- 
fusion where the subordinate series get out of step. 

As is often the case, the column of intensities means but little 
more than is contained in the following verbal statements. The 
less refrangible component of each doublet is somewhat stronger 
than the more refrangible one. The satellites are very much weaker 
than either of the main components of the same doublet. In any 
one series the intensities of the lines decrease very rapidly as the 
order (m) of the line increases. When approximately pure gallium 
is burned in air all of the lines are widely reversed. For all the 
strong lines the reversal was suppressed when the metal was caused 
to radiate as a minute impurity in some mixture. The wave- 
lengths obtained with the very fine unreversed lines agreed, within 
the limits of experimental error, with the wave-lengths observed 
by setting upon the axis of the widely reversed lines. 

The lines numbered 1 and 5 received special attention because 
of their closeness respectively to the iron lines at \ 4172.128 and 
\ 2874.176. Lines 1 to 5 inclusive were measured on third-order 
plates, while all of the lines were determined in the second order. 
When a line was measured in both orders, the difference between 
the results for each individual line was never greater than 0.004 A, 
and usually less. Each line was always measured four times in 
one direction, then the plate was reversed and the line measured 
four times in the other direction. 

Theoretical.—In attempting to represent the series lines of 
gallium by an empirical equation we began by using the Ritz 
formula in the following form 

N 
eT 7 Pp’ ad 
because it has been so advantageously employed by Paschen and 
others. In terms of the frequences vp, v,, v, of any three lines of 
the same single series the above formula easily leads to the condition 


N N N 
(y%— Mm) + (Ym — Vy) +(%%— Ym) \ 
A—Vm A—V_ A-—y, 
+(r—2)v¥_+(m—r)v,+(n—m)vy,=0, (2) 


from which A may be determined by the method of “‘trial and 
error.”’ An inspection of formula (2) shows that A is not at all 
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dependent upon the numerical value given to m, say. This follows 
from the fact that m, n, and r enter-equation (2) only as binomial 
differences. For this reason, and quite regardless of the theoretical 
considerations of Bohr, Sommerfeld, and others, we have chosen 
to define m for the first line of a given series as the smallest positive 
multiple of 1/2 that will make a numerically less than 1/2. When 
A has been determined from relation (2), formula (1) only gives 
the value of m+a as a sum, but not of m and a separately. These 
remarks account for the numbers in the parentheses of the column 
headed “Series” in Table I. 

Using R. T. Birge’s latest value N = 109677.7, Dr. E. Klein and 
the senior author obtained the following data from the wave- 
numbers of the first three lines of each single series of gallium. 
For the satellites of the first subordinate series m = 3, A’ =47491.90, 
a’ = —0.2126354, b’=+4.366673 X10~°, and A,, =2105.622. For 
the most refrangible components of this series m= 3, A =48320.76, 
a = —0.2138487, b6=+4.434379X10-°, and Aj =2069.504. For 
the companion of the satellite of the same series m = 3, A = 47489.91, 
a= —0.2076978, b= +4.067868 X10~°, and Aw» =2105.710. For 
the least refrangible components of the second subordinate series 
m=2, A=47553.53, @=+0.2138570, b= —2.445062X10~°, and 
A+ =2102.893. Finally, for the most refrangible components of 
the second subordinate series m= 2, A = 48378.55, d= +0.2141350, 
b= — 2.454515 X10-°, and A» =2067.032. These results are unsat- 
isfactory, for the convergence wave-numbers of the least refrangible 
components of the two subordinate series differ by 61.63 or 2.73 A. 
The most refrangible components failed to converge to the same 
place by about the same amount, namely 57.79 or 2.47 A. Formula 
(1) was considered disproportionately complicated to apply the 
method of least squares to all of the lines of a single series. How- 
ever, this method was applied to the Mogendorff-Hicks formula 

N 


~GmFa+b/m) - 


Vm = - 


The equation analogous to relation (2), as derived from equation 
(3), shows that the value of A depends upon the number assigned 
to m. By actual trial it was found that the eonvergence wave- 
numbers for the subordinate series did not agree even as well as 
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when formula (1) was employed. For the least refrangible com- 
ponents of the second subordinate series, the values of the constants 
in equation (3) were found, by the method of least squares, to be: 
A =47555.879, @=1.2183276, b= —0.06226206, andA, = 2102.789. 
m was chosen equal to unity for the first line. For the wave- 
numbers the differences ‘‘observed’’ minus ‘‘calculated”’ were 
+0.041, —0.552, +0.824, +1.063, and —1.375 or, in terms of the 
angstrom, —0.007, +0.041, —0O.05I1, —0.056, and +0.069, respec- 
tively. These numbers are written in the order of decreasing 
wave-length of the lines. The conclusion reached by us is that 
the number of lines is too small and the perturbations of the lines 
with respect to a non-inflectional curve are too large to justify 
pursuing the series constants further. 

No attempt was made to determine the wave-lengths of the red 
and green lines of the principal series of gallium for the following 
reasons. These lines appeared only on the spectrograms taken 
with the meter grating and with the large quartz spectrograph 
when nearly pure metallic gallium was used. They were not 
recorded with the oxide (which forms very promptly in the arc in 
air) or with the leady residue, or with any of the compounds or 
mixtures which contained gallium as an impurity. Whenever 
obtained, these lines were extremely broad and unsymmetrical. 
Consequently it was not feasible to make exposures with such valu- 
able material with the large grating as mounted. Moreover, the 
investigation of the red region was in full sway at the Bureau of 
Standards, where all of the conditions are most favorable for 
obtaining the wave-lengths in question. The only earlier, fairly 
accurate, measurements of the principal series doublets seem to be 
those of Exner and Haschek which are quoted by Paschen and 
Meissner." 

Indium. Experimental.—Most of the investigations of the 
radiations of indium have been confined to the spark spectrum, 
with which we are not directly concerned in the present paper. 
The lines of the principal series have been very carefully deter- 
mined by Paschen and Meissner.*? The results of our study of 
the arc spectrum in air are given in Table II, the notation 


1 Annalen der Physik, 43, 1223, 1914. 2 Thid. 
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being the same as in the preceding table for gallium. Lines 1 
to 22 inclusive were obtained with the large grating, while the 
remaining ones were recorded only with quartz spectrographs. 
Line number 1o was close to the iron lines at A 2753.668 and 


TABLE II 
































Xun Air Wave-Number 
No. Series | ——_____- --— —_— 108 Ay Int. 
| Bade Usalt. | ="), ? 

eee S: (2.5) 4511.38 4511.310 | 22160.05 2212.83 fe) 
eee ee S, (2.5) gror.80 410t.76@ | 24372.86 1...60.06000% 10 
eR ae D; (3) 3258.54 3258.565 | 30679.34 2212.85 4 
ee D, (3) 3256.08 3256.089 SOFOS.E9 bosccsces _ 8 
veces D, (3) 3039.34 3039.356 32892.19 cee bies are 8 
errr ae 2957.02 2957.012,] 33808. 33 2212.51 6 
eee S: (3.5) 2932.64 2932.633 34089 .03 2212.49 5 
Dien gisinig al ae 2836.90 2836.9116| 35239.04 |...... 8 
eens UR ne titer 2775-30 2775.3553| 36020.84 | 4 
10 S. (3.5) | 2753.89 2753.889 | 36301.52 |.. paris 4 
II Di (4) | 2713.91 2713.932 | 36835.87 2212.53 3 
12.. D, (4) 2710.28 2710.264 | 36885.49 |...... 5 
BE cs siasen S, (4. §) 2601.81 2601.756 | 38424.13 2212.73 2 
See ee | Dz, (4) 2560.15 2560.157 | 39048.40 LOR ree 4 
Bion. we oe | Di (5) | or 2522.854 | 39625.34 2212.90 3 
oe D, (5) | 2521.32 2521.371 | 39649.04 |........ 6 
3: See ere S: (5.5) 2468.12 2468.012 | 40506. 2: 2212.21 5 
Sicieretoue S2 (4.5) 2460.16 2460.079 | a ear 3 
MS caw S: (6.5) 2399.189 | 41668.05 2211.9 3 
eer D, (5) ss 2389.543 | 41838.2 Pore ee ee 3 
ere S, (5.5) 2340.27 2340.191 | 42718.44 3 
22. |. | 2306.09 2306.0733 43350. 39 sieteciars sake acaba 4 
| ee 33 (0.5) | 2278.3 | 43879.9 ADRS eter eae 2 
Rd Seated ee ee ere 2240.9 | 440611.9 Sos eee I 
ee D, (8) S600. | SERSRE bi ciscdse sn I 
20. S2 (8.5 2219. | 45044.9 Miedexeurs I 
eee D, (9) 2210.9 | 45236.3 Rome tee oe I 
28. S, (9.5) | 2202.5 | 45389.2 re I 
a eebed < D, (10) 2108. 2 45477-9 eam are I 
oO S. (10.5) 2192.0 | 45606.0 = I 
meee a D, (11) 2189.0 | a CBee. I 
| er ee D, (12) 2181.7 ae eee = I 
eee ror eee | ee $497.7 45900.0 foot an ey ane I 
pe eres Rereinpene are 2171.0 46039.0 Jrvcee teers 1 








 2754.034, and line number 19 to the iron line at A 2399.339, 
hence the semaphore screen was used in photographing these 
indium lines. Special interest attaches to the four lines numbered 
6, 8, 9, and 22, respectively. These lines are not single, but are 
made up of groups of fine components the number of which is 


indicated by the subscript following the representative wave- 
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length given in Table II. Lines 6, 8, and g were not obtained by 
Kayser and Runge,’ but they are recorded by Exner and Haschek' 
R, and 1. 


Line number 22 is also given as single by both pairs of authors. 


as single lines with the respective characterizations 2 R, 3 


To minimize the possibility of drawing erroneous conclusions 
we made a special study of these four lines and found that (a) each 


group displayed the same characteristics whether the exposure 


TABLE III 





Reference No. DN Reference No dX 
f , 
2957 .004 2775.406 
6 2057.047. 9 2775-355 
20560. 994 2775.292 
2950.735 
2837 .039 2300.147 
2836. 9908 22 2306.082 
| eee 2836.957 2306.029 
2836. 910 
2836.856 
2836.793 





had been long or short, the lines faint or intense, (6) the character 
of the lines was independent of the material containing the indium 

whether it had been the leady residue or its products, indium oxide 
or hydroxide, or lead oxide, and (c) the lines invariably appeared 
when indium was present in the arc. Line number 8 suggested 
a small portion of a band spectrum. It could not be interpreted 
as a triplet, each of whose components was reversed, because all 
of the six components were sharp and symmetrical with no sug- 


gestion of winglike structure. The four lines are probably “com- 
bination lines,’”’ since they do not fit into the series directly. The 


difference in wave-number for lines 6 and 9 (when treated as unre- 
solved) is 2212.51, which is the characteristic value for the series 
lines of indium. The wave-lengths of the resolved components are 
given in Table III. 

In Table II the lines numbered 24 to 34 were always accompa- 
nied by so much intermediate radiation as to make them appear as 
absorption lines in a continuous background, rather than as ordi- 
nary emission lines with reversed axes. Nevertheless the serious 


™ Kayser’s Handbuch, 5, 584. 
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attempts made by Dr. E. Klein and the senior author to obtain 
the absorption spectrum of indium vapor, when heated in specially 
designed furnaces, failed to give anything more than the two 
strongest lines numbered 1 and 2. 

Theoretical.—The time-consuming difficulties which presented 
themselves when the attempt was made to determine the various 
constants for gallium have caused us to defer a similar numerical 
investigation for indium until some later occasion. Moreover, 
as stated earlier, the presentation in published form of the experi- 
mental data has already been delayed far too long. Accordingly 
the following tentative constants must suffice. 

Taking m=2.5, 3.5, .... . for the first three components of 
the second subordinate series it was found that, for formula (1), 


A,=44449.3 
A,=46662.0 
a;=da,= — 0. 215623 


b, = b,= — 2.96938X 107°. 


Assuming the same values for A, and A,, and letting m=3, 
4, ..... the remaining parameters for the satellite and the 
most refrangible component of the first subordinate series have the 
approximate values 
237740 


a,=a,>= 774 
5554X 107°. 


=. 
b.=b,= 4.. 


II 


ed 
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FIRST ATTEMPT AT A THEORY OF THE ARRANGEMENT 
AND MOTION OF THE SIDEREAL SYSTEM? 
By J. C. KAPTEYN: 


ABSTRACT 





First attempt at a general theory of the distribution of masses, forces, and velocities in 
the stellar system.—(1) Distribution of stars. Observations are fairly well re pre sented, at 
le as st up to galactic lat. 70°, if we assume that the equidensity surfaces are similar 

lipsoids of revolution with axial ratio 5.1, and this enables us to compute quite 
seal (2) the gravita tional acceleration at various points due to such a system, by sum 
ming up the effects of each of ten ellipsoidal shells, in terms of the acceleration due 
to the average star at a distance of a parsec. The fotal number of stars is taken as 
47.4109. (3) Random and rotational velocities. The nature of the equidensity 


surfaces is such that the stellar system cannot be in a steady state unless there is a 
general rotational motion around the galactic polar axis, in addition to a random 
motion analogous to the thermal agitation of a gas. In the neighborhood of the 
axis, however, there is no rotation, and the behavior is assumed to be like that of a 
gas at uniform temperature, but with a gravitational acceleration (Gn) decreasing 
with the distance p. Therefore the density A is assumed to obey the barometric law: 
Gn = —W(6A/5p)/A; and taking the mean random velocity # as 10.3 km/sec., the 
author finds that (4) the mean mass of the stars decreases from 2.2 (sun=1) for shell IT 
to 1.4 for shell X (the outer shell), the average being close to 1.6, which is the value 
independently found for the average mass of both components of visual binaries. In 
the galactic plane the resultant acceleration—gravitational minus centrifugal—is 
again put equal to —#?(6A/dp)/A, &@ is taken to be constant and the average mass 
is assumed to decrease from _ ll to shell as in the direction of the pole. The angular 
velocities then come out such as to make the linear rotational velocities about constant 
and equal to 19.5 km/sec. heater the third shell. If now we suppose that part of the 
stars are rotating one way and part the other, the relative velocity being 39 km/sec., 
we have a quantitative explanation of the phenomenon of star-streaming, where 
the relative velocity is also in the plane of the Milky Way and about 40 km/sec. It is 
incidentally suggested that when the theory is pe rfected it m iay be possible to deter 
mine the amount of dark matter from its gravitational effect. (5) The chief defects 
of the theory are: That the equidensity surfaces assumed do not agree with the actual 
surfaces, which tend to become spherical for the shorter distances; that the position 
of the center of the system is not the sun, as assumed, but is probably located at a point 
some 650 parsecs away in the direction galactic long. 77°, lat. —3°; that the average 
mass of the stars was assumed to be the same in all shells in deriving the formula 
for the variation of Gn with p on the basis of which the variation of average mass 
from shell to shell and the constancy of the rotational velo« ity were derived—hence 
either the assumption or the conclusions are wrong; and that no distinction has been 
made between stars of different types. 


Equidensity surfaces supposed to be similar ellipsoids.—In 
Mount Wilson Contribution No. 188° a provisional derivation was 
given of the star-density in the stellar system. The question was 
there raised whether the inflection appearing near the pole in the 

* Contributions from the Mount Wilson Observatory, No. 230. 


2 Research Associate of the Mount Wilson Observatory. 


3 Astrophysical Journal, 52, 23, 1920 
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equidensity surfaces for small densities is real or not. I have 
since found that these inflections can be avoided without doing 
very serious violence to the results of observation. If this is done, 
the equidensity surfaces become approximately ellipsoids, and 
not only that, but the data can be represented without exceeding 
the possible limits of observation error, by assuming the equi- 
density surfaces to be concentric, similar revolution ellipsoids, 
similarly situated. 

2. Elements of the ellipsoids.—Taking as unit of star-density that 
in the neighborhood of the sun, the adopted axes of the ellipsoids, 
which will be referred to as ellipsoids I, I], . . . . X and which 


TABLE I 


EQUIDENSITY ELLIPsorps 


Ellipsoid | Logs A B B/A 
| } parsecs } parsecs 
I er 9. 80—10] 118 | 602 | 5.102 
II oe 7 9.60 198 IOIO 5.102 
en. 9.40 296 1510 5.102 
_, SEBS 9g. 20 413 2106 5.102 
, ee Q.00 553 2820 | 5.102 
VI 8.80 717 36056 5.102 
ae ; _— 8.60 902 4600 5.102 
Vill i 8.40 1114 5675 5.102 
IX 8.20 1305 6960 5.102 
+ 8.00 1660 | 8405 | 5.102 











correspond to the values (A being the density) log A+10=9.8, 9.6, 
8.0, areas shown in Table Il. The A-axis is directed toward 
the galactic Pole, the B-axis lies in the plane of the Milky Way. 
For the Milky Way and for the direction toward the Pole 
this table yields densities which are fairly well represented, for 
p >150 parsecs, by the formulae, 


log A= —2.135+2. 368 log p—o. 593 (log p)? (M.W.), (1) 
log A= —5.356+4.890 log p—1.200 (log p)?_ (Pole), (1a) 


A section of the equidensity-ellipsoids through the sun (which 
has been assumed to be the center of the system) at right angles to 


the plane of the Milky Way is shown in Figure tr. 
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The agreement of the densities furnished by Table I with those of 
Contribution No. 188 is fairly good for all galactic latitudes up 
to 65° or 70°. For still higher latitudes it may perhaps still be 
called tolerable. At least the deviations hardly exceed what would 
be produced by an error of o.1 mag. in the photometric scale for 
these regions. 

In the present paper I have substituted these ellipsoids for the 
surfaces derived directly from observation in Contribution No. 188, 
not because I think they are nearer the truth, but simply because 
they are so enormously more convenient for further computation. 

My aim in the present paper is simply to get hold of some 
approximate information about the real structure and motion of the 
system, and quantitative accuracy has been considered of secondary 


20 . “ - 20 i oes 
10 ~ pS ES LH EHS ae iy 10 


ai , 9» a ——. ° x 0 
PA J > 3 -- OF ° ? 
o+.—___ + r 74 


+ a £ f ~— @ == Y 
1000 8000 6000 4000) 


Res 
7 
~ 
— 





an A PA A | ee : a 
2000 4000 6000 8000 10000 =PARSECS 


importance as long as we may hope that the main features are not 
affected. I trust that this hope will not be disappointed, not- 
withstanding the many defects—defects that will be duly pointed 
out—which still attach to the present treatment. 

3. Advantage of the adoption of the ellipsoids.—The form of the 
equidensity surfaces thus adopted has the advantage that it calls 
attention to the possibility of determining with some precision 
the gravitational attraction of the whole of the stellar system on 
any point inside ellipsoid X, while at the same time it renders the 
computation of that attraction a relatively easy matter. 

In another paper’ van Rhijn and I have tried to show that, as 
soon as we possess good counts of stars for each interval of magni- 
tude down to apparent magnitude 17 (visual), we shall know with 
some tolerable approximation the density of the whole region 
covered by Figure 1, that is, of the whole extent of the stellar 
system for which the density exceeds one-hundredth of that in the 
neighborhood of the sun. 


* Mt. Wilson Contr., No. 229; Astrophysical Journal, 55, 242, 192: 











THE SIDEREAL SYSTEM 305 


In the near future such counts will be available. They will be 
furnished by the Mount Wilson ‘‘ Catalogue of the Selected Areas”’ 
(from 6= —15° to 6= +90°), the discussion of which is in the hands 
of Seares. A few provisional counts make it probable that this 
work will in the main confirm the elements used for Table I and 
Figure 1. I will assume, therefore, that even now the densities 
are sufficiently well known for the whole of ellipsoid X. 

The advantage just alluded to is a consequence of the well- 
known property that the attraction of an ellipsoidal shell of constant 
density, bounded by two similar and similarly situated ellipsoids, 
on an internal point is zero. For it is evident by this property 
that, if in all that part of the system which lies outside ellipsoid X— 
for which part accurate data are still wanting—the arrangement in 
similar ellipsoids also holds, the attraction of this outside domain 
on a point inside ellipsoid X would be sero. And as the distribu- 
tion of density inside ellipsoid X is known, the possibility of com- 
puting the attraction of the total system on a point inside of X 
becomes evident. If on the contrary the same arrangement does 
not hold outside ellipsoid X, it still seems highly probable a priori 
that any change in the form of the equidensity surfaces must be 
gradual, that is, the equidensity surfaces in the neighborhood of 
X will diverge little from similar ellipsoids, and the greater changes 
will begin to appear only at more considerable distances. For 
the consecutive shells, therefore, the attraction on an internal 
point will begin by being very small, both on account of the near 
approach to similarity of these shells and their small density and 
greater distance from the attracted point. For more distant 
shells the first circumstance will probably diminish in importance 
with increasing distance, while, on the contrary, the second becomes 
more and more important. On the whole, therefore, the attraction 
of allof that part of the system which lies outside X will be small, 
and its neglect will presumably not prevent us from obtaining 
fairly exact ideas about the total forces. 

4. Computation of the gravitational forces.—In ellipsoid I, which 
for brevity I will call shell 1, and in each of the shells 2, 3, : 


10, between the surfaces of ellipsoids I, II, . . . . X, the density 


varies between limiting values which are in the ratio of t to 1.585. 
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In what follows I will assume for each shell a constant average 

density. 

The computation of the gravitational forces has been carried 
through for: 

(1) ro points in galactic latitude o° lying in the surfaces of ellipsoids 
I, II, .... X; these points have been designated by I, 0°; 
_* serene eg 

(2) 5 points in galactic latitude 30°, situated on the surfaces IT, 
IV, VI, VIII, X; denoted by IT, 30°; IV, 30°; .... X, 30°. 

(3) Similarly for the 5 points II, 57°1; IV, 57°1; .... X, 57°21. 
(57°1=average latitude between 40° and go’.) 

(4) The 1o points I, go°; II, go°; . . . . X, go. 

As a unit of attraction I have used the attraction on each other of 

two stars of average mass separated by a distance of 1 parsec. 

I first computed the attraction of the full ellipsoids I, II, ....X 

on the points specified above, on the supposition that they are of a 

constant density such that every cubic parsec contains a single 

star. The formulae for this computation are given in the Appendix. 
The attraction of the full ellipsoids having been found, simple 
subtraction gives the attraction of the separate shells 1,2, . . . . 10, 
all supposed to have the density corresponding to one star per 
cubic parsec. The actual attraction of the shells was obtained by 
multiplying these results by the number of stars per cubic parsec 
contained in each shell. For the average densities, expressed in 
terms of the density in the neighborhood of the sun, I adopted the 

values corresponding to the logarithms 9.9, 9.7, 9.5, .... 8-1, 

each minus 10, multiplied by 0.0451, which according to Contribu- 

tion No. 188 (12) is the number of stars per cubic parsec near the 

sun; this gives the numbers in Table II. 

TABLE II 


AVERAGE NUMBER OF STARS PER CUBIC PARSE(¢ 


1 


Shell No. Stars Shell No. Stars 
ae , wai 0.0355 6 0.00355 
eee re ee ee .0220 7 : .00220 
[ Ser er .O143 5 : -OO143 
Huwece cecee -00gQO0O0 9 : eee ° - OOOQOO 


L Teer 0.00505 10 0.000505 
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Having found the separate attractions, the components of the 
total attractions parallel to the axés can at once be determined by 
noting that the attraction of any shell on an internal point is zero, 
and further, by neglecting the attraction of that part of the system 
outside of ellipsoid X on a point inside this ellipsoid. Instead of 
the components I have entered in Table III the total forces G and 
the angles that these forces make with the X-axis. These are of 
course found by the formulae 


X=G cos ¢ "=G sin ¢. (2) 


In addition, I have given the values of ¢—y, yw being the angle 
which the normal to the ellipsoid through the attracted point 
makes with the X-axis; y is determined by 


2 
tan y=5 P (2a) 
The angle ¢—y is of course the inclination of the direction of the 
force to the normal. 

The interpretation of this table—of the first entry, for example— 
is: Attraction of the whole stellar system on a body in the point 
I, o° is a force equal to the attraction of 33.19 stars of average 
mass at the distance of 1 parsec from that same body. This 
force makes an angle of go° with the X-axis, and an angle of o° with 
the normal to the equidensity ellipsoid through the attracted 
point. 

5. Analytical representation of G for galactic latitudes 0° and go°.— 
In trying to represent the force G by an analytical formula, I 
started from the consideration that, as the density is constant 
near the center, the attraction must be nearly proportional to the 
distance p for very small values of p; further, that for distances 
very great as compared with the dimensions of the stellar system, 
the attraction must be practically the same as it would be were 
the mass of the whole system concentrated in the center. For these 
latter distances, therefore, G must be proportional to 1/p’. 

The following easily managed formula satisfies both conditions: 


G= = 
1+ Bp+Cp?+ Dp} 
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In this formula A/D evidently equals the total number of 
stars, V, in the stellar system. 

A rough estimate of this number can be made by assuming 
that formula (15) of Contribution No. 188, viz., 


Na wettiatce, (4) 
is true for all values of m. Integration over m gives 
: Var, & 
N= “ae (5) 
For the values of a, b, c best satisfying the numbers in 


Groningen Publications, No. 27, Table V, which gives number of 
stars per square degree, I find the following: 








Gal. Lat A Number of 
i See . . Square Degrees 
0° to + 20°. —10.564 +1.50985 —0.0276 14110 
+20 to +40... — 50 599 +1.5468 —0.0288 12420 


+40 to +go. ; —10.815 


+1.0592 —0.0414 


14730 


With these data, computing the total number of stars for each 


of the three zones, I obtained 


Gal. Lat. No. Stars 
o° to + 20° 43.8 X109 
+20 to +40 3.6 X10? 
+40 to +9go 0.043 X 109 


whence 
{ 
D 


— = N=47.4X 10°. 


(6) 


The remaining constants were so determined that (3) repre- 


sents the values of G in Table III. 


Gal. Lat. =o° 


I thus found 


Gal. Lat. =go° 


A=o.1I10 A=o. 376 

B=1.30 X1073 B=1.83 X1073 

C=0.657X 107° C=3.40 Xr0~° (7) 
D=2.32 X107?2 D=7.93 X107?? 
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The representation of the tabular values is as follows: 


Gat. Lat Gat. Lat. =9 
7 P % 
G. Tab G. Form. |Tab.— Form G. Tab G. Form. |Tab.— Form 
500 30.0 30.2 —0.2 200 54.3 50.1 4.2 
1000 37.8 37.0 To.d 500 06.2 035.0 —{.o 
2000 30.0 35-9 T1.O 1000 59.5 00.3 —f.0 
3000 Be a5...2 Tt.s 1500 49.1 49.4 —0.3 
4000 20.0 20.0 0.0 
6000 19.0 19.9 =©6.0 
8000 ne 14.0 10.0 2.0 


The agreement is not very good, but seems sufficient for our 
present purpose. 

6. Application of kinetic theory of gases.—The results thus far 
obtained rest, it is true, on provisional data, which even now might 
be materially improved; they further depend on the supposition, 
not yet fully demonstrated, that, within the distances here con- 
sidered, there is no appreciable extinction of light in space, but 
they are, nevertheless, I think, the legitimate outcome of our data. 

For what follows I will now introduce some considerations 
borrowed from the kinetic theory of gases, the applicability of 
which to the stellar system might be considered doubtful. At 
all events I do not pretend to have demonstrated this applicability. 
The results which will be derived cannot lay claim to be demon- 
strably correct, but they seem to me to be so remarkable that, 
after a good deal of hesitation, I have resolved to publish them, in 
the hope that others, better versed in these matters, may furnish 
us with a more rigorous solution of the problem involved. 

Even though it has been shown, in the main by unpublished 
investigations, that the peculiar motions" of the stars with some 
crude approximation are Maxwellian, the stellar system cannot 
be treated as a gas at rest; first, because of the existence of stream- 

* Peculiar velocity is defined as the motion corrected for both the solar and stream- 
motion. The radial and transverse velocities agree in showing a certain excess of 
very large motions over the Maxwellian distribution. They are both represented 


satisfactorily by the sum of two Maxwellian distributions. A thorough separate treat- 
ment of all the spectral classes is still a great desideratum. 
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motion; second, because of the form of the equidensity surfaces, 
which is certainly different from that of the equipotential surfaces 
of the gravitational force. 

That they are different is proved by the fact, among others, 
that in general the forces are not normal to these surfaces. This is 
evident enough without further explanation. Moreover, it is clearly 
brought out by Table III, where the angle with the norinal reaches 
values of more than 27°. Further it is well known that in a gas at 
rest under its own attraction, the equidensity surfaces are spherical. 

The system cannot therefore be in a steady state unless it has a 
systematic motion. Since the discovery of the star-streams it is 
clear that such a motion really exists and that it is parallel to the 
plane of the Milky Way. 

It seems rational, therefore, to assume that the system has a 
sort of rotational motion round the X-axis (see Fig. 1) which is 
directed toward the pole of the galaxy. The form of the equi- 
density surfaces found directly in Contribution No. 188 as well as 
that now adopted. strongly indicates some such motion. 

This being assumed, the stars along the axis will still have no 
other motion than their peculiar motions, which, as was just men- 
tioned, are Maxwellian, at least with some approximation. I ven- 
ture to assume, therefore, that the stars in the immediate neighbor- 
hood of this axis are arranged as the molecules of a gas in a quiescert 
atmosphere. 

If: 

A be the star-density (number of stars per cubic parsec) ; 

u one of the components of the peculiar velocity; 

n the acceleration produced by the attraction of a star of average 
mass at a distance of one parsec, then on the above assumption 


_— 
u?— = —Gnip, (8) 


>) = 


u? being the average value of w’. 
The formula is analogous to that used for barometric determina- 
tions of altitude in an atmosphere of constant temperature through- 


out. On the other hand, we have found empirically formulae such 
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w 
_ 
N 


as (1) and (1a) (see also Contribution No. 188, p. 13 |21}); in other 


words, 
log A= —P+0 log p—R(log p)? (p> po), (g) 


from which, by differentiation 


6A QO-—2R log p 
= 6 (10 
A -_ p ) 
Comparing the two expressions, (8) and (10), for 6A/A 
. O—2R log 
Gn= — u?| - = (p> pv). (11) 
p 








As the motions are supposed to be Maxwellian, the well-known 
formula used in the theory of least squares gives 
> T > . 
u?=—(u)?. (12) 
2 

From observations of the radial velocities at the Lick Observa- 
tory, where no choice has been made on the basis of proper motion 

(Lick Observatory Bulletin, 6, 126), I derived the value’ 


u=10.3 km/sec. (12) 
or since 
1 kilometer= 3.25 X 107" parsecs 


25 
I parsec =3.08 X10" kilometers (14) 


I find, in the units parsec and second, here adopted, 


u =3.35 X107%3 (15) 
w=1.763X107 75 (10) 


so that (11) becomes 
O—2R log p 


p 


Gn=—1.763X 10775 


Finally, for galactic latitude go°, we obtain from equation (1a) 
the values: 
Q=+4.890 R=+1.200 (18) 


' 
(—8.620+4.229 log p) XK 10775 
n= ; (p>150). (19) 
Gp 
t There is a mistake in the derivation of this value. The true value is certainly 
somewhat lower. From considerations given below I have not deemed it necessary 
for the present paper to repeat the computations with an improved value of i. 
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For small values of p, formula (g) does not hold. According to 
Contribution No. 188, and particularly according to Contribution 
No. 229, it represents the observations excellently for values of p well 
beyond the maximum (which in the present case lies near p=110 
parsecs). For values of p below the maximum the density is 
nearly constant. The differential-quotient 64/6 thus becomes 
very small and 6A/Aép very unreliable. In the present case it 
will probably be well not to rely on the formula below, say, 150 
parsecs. This limit was adopted in (19). 

I have computed the values of 7 from (19) both on the supposi- 
tion that G has the values found directly in Table III and that it has 
the values yielded by formula (3). The former were adopted 
(Table IV). 


TABLE IV 
VALUES OF 9 AND m 
Point p n Form. (3) » Adopted m (Sun =1) 
parsecs 
. 198 I1.1X10—-3°| 10.2X10—3° 2.2 
II 
IV, 90 413 8.9 1073°]| 9.0 10730 2.0 
VI, 90 .| 717 7-3 10-30 | 7.5 %e~-s0 r.9 
VIII, 90.... ; III4 6.6 107-39} 6.8 10-30 rg 
X, 90 Aa 1660 6.5 10-30 6.5 10-30 1.4 











The quantity 7 is, as stated above, the acceleration per second, 
in parsecs, produced by the attraction of a star of average mass 
on a body at a distance of one parsec. The acceleration which the 
sun would produce, expressed in the same units, is 


Acceleration by sun=4.53X 1073°. (20) 


This enables us to find the average mass m of a star expressed 
in the mass of the sun asa um. The values of m thus found have 
been inserted in the last column ot i able IV. 

These values agree surprisingly well wi. what has been found 
by totally different considerations. In a rece:! paper’ Jackson 
and Furner find for visual binary stars, as the best a\ rage 


I — 
V m,+m, 


* Monthly Notices, 81, 4, 1920. 


0.855. 


uw 
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Consequently m,+m,=1.60, which agrees with Table IV if we 
suppose that the combined mass of the two components and not 
that of a single component is comparable with the mass of a single 
star, and especially if we further consider that there are theoretical 
grounds for expecting that the average mass will decrease for 
increasing distance.' 

Remark. Dark matter. It is important to note that what 
has here been determined is the total mass within a definite volume, 
divided by the number of luminous stars. I will call this mass 
the average effective mass of the stars. It has been possible to 
include the luminous stars completely owing to the assumption that 
at present we know the luminosity-curve over so large a part of 
its course that further extrapolation seems allowable. 

Now suppose that in a volume of space containing / luminous 
stars there be dark matter with an aggregate mass equal to A/ aver- 
age luminous stars; then, evidently the effective mass equals 
(/+A) Xaverage mass of a luminous star. 

We therefore have the means of estimating the mass of dark 
matter in the universe. As matters stand at present it appears 
at once that this mass cannot be excessive. If it were otherwise, 
the average mass as derived from binary stars would have been 
very much lower than what has been found for the effective 
mass. 

7. Angular velocities (w) in the plane of the galaxy.—Ignoring 
for an instant the fact that the stars in the Milky Way cannot be 
systematically at rest and treating the stars near this plane in the 
same way as those near the axis, I am led by a formula analogous to 
(17) to values of 7 which are not quite half those given in Table IV. 
I suppose that the difference must be wholly due to the centrifugal 
force induced by the rotational motions. In fact, I assume that 
the average mass is the same throughout the whole system, at least 
for points on the same equidensity surface. 

If, therefore, p and p’ represent the distances from the center, 
of two points on the same equidensity surface, the first in the direc- 
tion of the Pole, the second in the Milky Way, for which points 


t Jeans, Problems of Cosmogony and Stellar Dynamics (1919), Pp. 239. 
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the total attractive forces of the system are respectively G and G’, 
formula (11) gives 
O—2R log p 


For the Pole Gn=—-wv ~ ; (21) 
‘ ' : : Y’ —2R’ log p’ 
For the Milky Way G’y—p'w=—# © ae, (22) 


where w represents the angular velocity for the point in the Milky 

Way, and Q’ and R’ the constants of equation (g) for that same 

plane. The two equations determine 7 and w. The equation for 

the latter is 

7’ —.[O’—2R’ log p’ O-—2R log p 
"7? oo ’ 

p Gp Gp 





in which, for u? see (16); for G’ and G see Table V; and for Q and R 
see (18), and where finally, by comparing (9) and (1), 


O’= 2.368 and R’=0. 593 (24) 


c 


The maximum of A according to formula (9) lies, for the Milky 
Way at about p= too, for the direction toward the Pole at p=1r1o. 
As has been mentioned, the formula ceases to be correct below these 
values. I assume, as before, that the limit of validity is p=150. 

8. Angular velocity for stars not in the galaxy.—For the regions 
not in galactic latitudes o° or go° I determine the angular velocity 
by the condition that the resultant of the attractive and centrifugal 
forces must be at right angles to the equidensity surfaces. 

In order that the system may be in the steady state, I assume 
that the equidensity surfaces are at the same time equipotential 
surfaces for the resultant of the attractive and centrifugal forces. 
The above condition is implied in this assumption. 

Since 

X component of resultant acceleration = — Xn, 
Y component of resultant acceleration = — VY n+’, 


and since yw is the angle between the normal and the X-axis, the 
equation for w is 
Bu? —Xn=—Xn7n tany, 
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which becomes slightly more convenient by writing 
X=G cos ¢ Y=G sin ¢. 
Whence 
_ Gnsin (@—y) 
Ww — 
B COS y 
For the points in Table V, ¢—y and y were taken from Table ITI. 
The computation was made with the aid of formulae (23) and (25). 
TABLE V 


VALUES OF w’? 


Point w? Point w? Point w? 

1.¢ .| 6.2757 Xiz0-3° II, 30 0.4066 X 19-30 IT, 57°1..|0.4132X 10-30 

IV,0 .0gO2 10-39 IV, 30 2477 10 cv, 97.4. 2835 10 

VI,o .03175 103° VI, 30 .12§55 10730 Va. 57.2. 1606 10 
VIII, o .01237. 10-3° ||VIII, 30 0683 10-3° ||VIII, 57.1. 0049 10 

X, 0 00510 10-30 X, 30 0376 10-30 : oe 0568 10 


For these same points I have furthermore computed the linear 
velocities in kilometers per second. ‘They are in Table VI. 


TABLE VI 


LINEAR VELOCITIES 


Point B Bw Point a B Bw Point a B Bu 
km/sec km/sec km/sec j 
II, 0° IOIO 13 II, 30° 187 6.4 Il, 19¢ 
IV,o 2106 19.5 IV, 30 gl 67 10.4 IV, s7.1 41 
VI,o 3057 20.1 VI, 30 679 | 117¢ 12.8 (13.1 Vijs7.2| 72% 
VIII, o 5675 19 VIll 105 1827 | 14.7 (15.7)||VIII, 57.1, r1ros I 8 (9.1 
a, 0 8465 18.6 X 1572 27 16 17.9 X,57.1; 16 1066¢ 8 (11.1 


9. Explanation of star-streaming.—According to these numbers 
the angular velocity is not the same for the same distance 8 from 
the axis at different distances a from the plane of the Milky Way. 





Further on I will explain why the present solution must necessarily 
be a very crude one. For this reason I am not prepared to maintain 
the reality of this difference. On the contrary it seems very possible 
that a more definite solution will finally lead to the conclusion that 
all the points on a cylinder around the axis of the system move with 
the same velocity. In fact, if we base our solution on the equi- 
density surfaces as really derived from the observations," instead 


t Mt. Wilson Contr., No. 188; Astrophysical Journal, 52, 23, 1920. 
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of assuming similar ellipsoids, we approach at once much closer to 
this state of affairs. The numbers in parentheses in Table VI give 
rough estimates of Bw based on this supposition. In the absence 
of a more definite solution I will confine myself mainly to points 
in the plane of the Milky Way, the motions of which, except for 
small values of B, seem to be somewhat better determined. 

The most striking feature brought out by these numbers is 
undoubtedly the fact that at distances from the axis exceeding 
2000 parsecs the linear velocity of the stars is nearly constant, 
the average being 19.5 km/sec.; that is, the great bulk of the 
stars must have a motion of 19.5 km in a direction parallel to the 
plane of the Milky Way. Observation has already proved that 
there really exists a systematic motion of the stars, that it is exactly 
parallel to the plane of the Milky Way, and that the motion takes 
place in two exactly opposite directions, the two streams having a 
relative velocity of about 


40 km/per sec. (26) 


Since in the preceding theory the motion is introduced simply 
to explain certain centrifugal forces, it is at once evident that it 
supposes nothing about the direction in which the motion takes 
place. Nothing prevents us from assuming that part of the stars 
circulate one way, while the rest move in the opposite direction. 
The relative motion of the two groups will then evidently be 


2X19.5=39 km/sec. (27) 


The motion to which our theory leads, besides being in the 
same plane, has therefore practically the exact value which is 
known from observation to exist. In fact we are led in the most 
direct and natural way to a complete explanation of the phenomenon 
of star-streaming. The circumstance that observation led us to 
assume two rectilinear streams, whereas we here find the motion 
to be circular, is probably unimportant. It is of course infinitely 
probable that the sun must be at a certain distance trom the center 
of the system. If we suppose it to be at the point S (see Fig. 1) 
then the star-streams are derived from the observed motions of 
stars within a volume whose dimensions are of the order of those 
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of the sphere around S shown in the figure. As long as the radius 
of this sphere is small in comparison with the distance of S from 
the center, the curvature of the stream-lines must be inappreciable. 

When we consider that the value (27) has been obtained by a 
study of the arrangement of stars in space, in which the proper 
motions play no other part than that of a criterion of distance, 
while the value (26) has been obtained by a study of the motions 
themselves, both radial and transverse, the close agreement of the 
two results seems very significant. It becomes more so through 
the fact that both theories yield a motion exactly parallel to the 
plane of the Milky Way. Further, if we take into account the 
fact that the present theory leads to a value for the average mass of 
the stars which is in close accordance with what has also been 
found from utterly different investigations, and if we add a final 
point, namely, the natural explanation of the different arrange- 
ment of the stars of different spectral types, we are led irresistibly 
to the following conclusion: 

The theory here propounded, though it may require considerable 
modification on account of its defectiveness both as to observa- 
tional basis and mathematical treatment is probably correct in its 
main features. 

The last point mentioned, which is open to quantitative veri- 
fication, requires further investigation, but even now promises to be 
no less significant than the others. It is referred to again in 
section 14 below. 

10. Accelerations including centrifugal effect—Ilf with the aid 
of Table V we now add the acceleration due to the centrifugal 
forces to that produced by the attractive force, the resultant will 
be in the direction of the normal. We find the results in Table VII. 


TABLE VII 


ACCELERATION, INCLUDING EFFECT OF CENTRIFUGAL FOoRCI 





Point Gn Point Gn Point Gn Point Gn G Pole/ "MW 
II, 0°. .|208 X10 II, 3 8 X 10-3 II, 57°1.|547 X10 II, 9 53X1 2.7 
IV,o 131 10-9 IV, 30 195 10-* IV,57.1.|577. 10-3 IV,9 59 I 4.5 
VI,o go I10-% VI, 30 67 10 VI,57.1.|458 10-3 ViI,9 480 IC 3 
VIII, o 65 10-% |/VITI, 30.. 268 10-% | VIII,57.1./359 10-% VIII, 9 84 1 5.9 
a, 0 48 10-” X, 30 193 10-% X,57.1.|277. 10-% X,9 o2 10 6.3 
y go° 3 49 1°25° 
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11a. Velocity of escape-—Assuming formula (3) to be valid for 

all distances, I find for the velocity of escape of a star near the 
center of the system 

In the Milky Way 104 km/sec. ) 


: ‘ 8 
In the direction of Pole 98 km/sec. | (28) 


As a matter of convenience I used for this computation the 
constant value 
n=7.5X 107% (29) 
11b. Velocity compared with circular velocity —The velocity of a 
star which moves in the plane of the Milky Way in a circular orbit 
is determined by the formula 
V2=GnB. (30) 


If for the point IT, o° we take n = 10.2 X 107*°, and for the others 
the value (29), we obtain the results in Table VIII. The linear 
velocities Bw are thus seen to be well below the critical velocity V,. 

TABLE VIII 
LINEAR AND CIRCULAR VELOCITIES IN PLANE OF MILKY WAy 











| 


Point Bg | G | Bw Table VI | R. 
. km/sec km/sec 

_ Ee” AR Aes Dee tres peeks te te IOIO 37-76 | 13.0 | 19.2 

| Serre ‘% 2106 35.71 19.5 23.1 
lO ees aan 3656 27.71 20.1 | 26.8 
WEEE Siseiss tos are: 5675 20.12 | 19.4 28.5 
Me si einwdans cans 8465 13.53 18.6 | 28.5 





12. Defects of solution.—The way in which the values w have 
been determined has made the resultant of gravitational and 
centrifugal forces perpendicular to the equidensity surfaces. In 
order that the surfaces may be really equipotential there is, how- 
ever, a second condition to be satisfied, viz., that for points on the 
same surface the total force shall be inversely as the distance of two 
consecutive surfaces. This condition is not satisfied. The differ- 
ence is shown, in its most extreme form, in the last column of Table 
VII, which, for the points in the Milky Way and in the direction 
of the Pole, situated on the same ellipsoid, shows the quotient 

Force at Pole 
Force in Milky Way (including centrifugal force) * 








(31) 
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If the equidensity surfaces were really accurately represented 
by concentric similar ellipsoids, similarly situated, as assumed thus 
far, this quotient in every case would be 5.1. In reality this is 
far from being so. 

There are certain facts indicating that actually the equidensity 
surfaces cannot be similar ellipsoids as hitherto supposed in this 
article. It is a well-known fact’ that the stars of large proper 
motion show no concentration toward the Milky Way, but are dis- 
tributed over the various galactic latitudes with very approximate 
uniformity. ‘The meaning of this can hardly be other than that the 
equidensity surfaces for the smaller distances are spherical. The 
equipotential surfaces of the gravitational and centrifugal forces, 
in order to coincide with the equidensity surfaces, therefore must 
also be spherical for vanishing distances; hence the quotient (31) 
must approach 1.00. Now this is just what the values of the 
quotient given in Table VII do. The change in these values is 
therefore an encouragement toward an attempt at an improved 
theory rather than otherwise. 

13. Position of the sun relative to the center of the system.—Before 
such an attempt can be made with any hope of success it will be 
necessary, however, to free the data from several imperfections. 
Foremost among these is the imperfection in the adopted position 
of thesun. ‘The data used in what precedes rest on the assumption 
that the sun is at the center. It seems infinitely improbable that 
this should be the case. Our theory, crude though it necessarily 
must be, paves the way for overcoming this difficulty: 

First, as seen from the sun, the center of the system must lie 
in a plane at right angles to the true stream-motion. Adopting 
for the vertex of the relative motion of the two streams a=6"17™, 
§=+11°9, or gal. long. = 167°, gal. lat. =o°, we find that the center, 
as seen from the sun, must lie in gal. long. 77° or 257°. 

Second, nearly all astronomers who have dealt with the question, 
though from a very different point of view, agree in assuming for the 
center a southerly galactic latitude.’ 

See for instance in Verslag. Kon. Ak. v. Wetensch., Amsterdam, April, 1893, 


p. 137 (128). 


2 For instance, Struve, Etudes d’Astronomie Stellaire, pp. 61-62; Kapteyn, Aon. 
Ak. Amsterd., April, 1893, p.137; Hertzsprung, Astronomische Nachrichten, 196, 207,1914. 
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Third, Hertzsprung' from Cepheid variables finds the sun to 
be 38 parsecs north of the central plane of the Milky Way. 

Fourth, the most difficult question probably will be that of the 
distance of the sun from the center. Still I think we can indicate 
a method which promises well. 

For a first approximation, I start from the supposition, for 
want of a better one, that, even for the smaller distances, the true 
densities are as found in Contribution No. 188, which were derived 
on the basis of the erroneous assumption that the sun is the center. 
Further, for the moment, I will neglect the distance of the sun 
from the central plane of the Milky Way, which seems to be small. 








FIG. 2 


In Figure 2, S represents the sun, C the center, and CS=y, the 
required distance. Let A, represent the true star density at the 
distance p from the center. Now that we give up the erroneous 
supposition made in Contribution No. 188 and the present paper, 
we must consider the meaning of the densities given in Table VI 
of Contribution No. 188. What this table gives for a specified 
value of a (see Fig. 2) is in fact A’, the average of the true densities 
at all points along the circumference PAQ around S with the 
radius a. This average will probably be not very different from 
the mean of the true densities at the points P and Q, and for the 
present, since our aim is only to arrive at a rough approximation, 
we will assume that it is exactly the case. Therefore, A being the 
true dens ty, 


(32) 


t [bid., p. 208. 
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If now, as a first approximation, we take as the true densities 
those obtained by formula (1) and assume in succession y= 1500, 
1000, and 500 parsecs, we find values of A’ corresponding to differ- 
ent values of a as given in Table IX. 

Such a table then, or something like it, would have been 
obtained, instead of Table VI (lat.=o0°) of Contribution No. 188, 
if the center were actually at a distance y from the sun. ‘Thus, if 
y were indeed 1500 parsecs, the considerations of Contribution 
No. 188 would have led to densities which, from distance zero up 
to distance somewhere near 1500 parsecs, would have increased. 
For y=1000 we should still have found an initial increase, and 

TABLE IX 
VALUES OF A’ 


y in Parsec 
a 
Parsec 
I I 

° 0.25 0.40 73 
250 , 26 45 s/f 
500 - 29 49 7 
$000... .4% 43 .59 40 
I50o.. 55 -43 - 29 
2060 ..scse% 30 245 IQ 
3000..... 145 I1l5 Io 
4060... 079 002 955 
5000. 0.044 0.039 0.035 


even for y=500 the same would have held. In this last case, 
however, the increase would have been so small that it might well 
have been overlooked owing to the errors of observation. Since in 
reality the observations lead to a regular decrease of the density 
throughout, I think we must conclude that y cannot have as high 
a value as 1500 or even 1000 parsecs. As an upper limit, we may 
take 
y<700 parsecs. (22) 
We can also find a lower limit from the condition that the 
relative velocity of the two star-streams must not deviate greatly 
from the value of 40 km/sec. derived from observation. 
In the neighborhood of the sun the linear rotatory motion of 
the system, that is, one-half the relative velocity of the star-streams, 


is yw. 
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If this velocity exceeded the circular velocity of a star at 
distance y from the center moving under the attraction of the whole 
system, the system certainly would not be in a steady state. Hence, 
on the assumption of a steady state, 

yo<Ve, (34) 
or by formula (30) 
yo<V Gny. (35) 

Assuming that inside ellipsoid II 7, has everywhere the constant 
value 10.2 X10 °°, we thus find, expressing results in kilometers, 
for 


y= 1000 parsecs ywa<19.1 km/sec. 
700 parsecs <18.2 km/sec. 
500 parsecs < 16.5 km/sec. 


If, therefore, we admit that 2yw, the relative stream-velocity, 
cannot well be below 35 km/sec., we obtain as a lower limit 


y> 600 parsecs (36) 
The two limits (33) and (36) yield, as a first approximation, 
y= 650 parsecs (37) 


All these results agree fairly well in locating the center, as 
seen from the sun, at 

Gal. long. 77° or a=23>10™ 

Gal. lat. — 3° 6=+57° 

Distance projected on galactic plane =650 parsecs 

Distance projected at right angles to that plane = 38 parsecs 


The principal remaining uncertainty is perhaps that for the 
galactic longitude, which instead of 77° might be 257°. Personally 
I am strongly in favor of adopting the former value, which is in 
good accordance with the investigations of Herschel, Struve, and 
myself already quoted. My own result was 

a=o"', §6=+42°. 

The determination (38) lays claim to no accuracy. To improve 
it, it will be necessary to carry through a second, and perhaps a 
third and fourth, approximation, for the determination of the 


* Verslag. Kon. Akad. Amsterdam, January, 1893, p. 129. 
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lower limit of y; besides, I think we may still improve or corroborate 
the values of the distance of the sun from the galactic plane.’ 
Altogether, the location of the center would seem to be a laborious 
problem rather than one of great difficulty. 

There is, moreover, the possibility of a direct determination. 
Given sufficient data on numbers of stars and proper motions 
for the regions around galactic latitude o° and longitudes 77° and 
257°, there would be no difficulty in deriving separately the star- 
densities at different distances from the sun in these regions. If 
there is truth in the above theory, these densities must increase 
with the distance up to distance y, in the direction foward the 
center, whereas in the opposite direction they must decrease with 
increasing distance. The two solutions together must yield a 
rather crucial test of the whole theory. 

14. Further defects. Separate treatment of the different spectral 
types.—There are several further defects in the solution of the 
present paper. I will enumerate those that occur to me: 

a) In the investigation on which the present paper is based 
the average parallax, as a function of magnitude and proper motion, 
has been taken from Groningen Publication, No. 8. At the 
present moment we have already available, though not yet pub- 
lished, much improved values, especially for the very small proper 
motions. 

b) The value of w? is not the very best that could have been 
obtained. 

c) The values of G in Table III have been computed on the 
supposition that the average mass of a star is independent of the 
distance, whereas later, in section 8, it was found that this is not 
the case. 

d) In this same computation for G, it was further assumed that 
the attraction of the whole of the system outside ellipsoid X 
on an internal point is zero. Though reasons were given for 
admitting that this attraction is small, it may not be negligible. 
Since according to what precedes it is highly improbable that the 

* Furthermore the distance of the center from the sun, as here found, is so small 
that, if special attention is given to the matter, it may not be hopeless to get evidence 
of the curvature of the stream-lines, particularly for the rather distant stars (faint 
stars having small proper motion). 
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equidensity surfaces within X, as well as without, are really similar 
ellipsoids, the whole computation for G will have to be revised in 
a more definitive treatment. 

e) The present solution is for all the stars together, that is, for a 
very heterogeneous collection of stars. 

Only the last point is of fundamental importance, and I will 
devote a few lines to it. Just as in the higher, very attenuated 
parts of an atmosphere, where the molecular encounters become 
relatively rare and the different gases are, as it were, sorted out, so 
among the stars we must expect that the different spectral classes 
will show different arrangements in space, owing to the different 
values of «? and 7 (mass) peculiar to these classes. The two cases 
are not identical, owing to the stream-motion in the stellar system, 
which is not supposed to exist in the atmosphere. Still there must 
be analogy. So, to take an extreme example, if there exists a class 
of stars for which w? is zero, these stars, according to the present 
theory, would be confined exclusively to the central plane of the 
galaxy. For evidently a star not in that plane could not have pure 
stream-motion; that is, it could not move in a perfect circle around 
the axis and perpendicular to it, because the attractive force of the 
system on such a point does not lie in that plane. Therefore it 
would necessarily have a peculiar motion. 

This simple consideration makes us understand at once the 
otherwise astonishing fact that the Wolf-Rayet stars lie with such 
close approximation in the central plane of the Milky Way. In 
the present theory this means simply that they can have no other 
than pure stream-motion (possibly with some peculiar motion in 
the plane of the Milky Way'). We thus realize that for the 
several classes of spectra there must be a very intimate connection 
between the values of uw? and 7 on the one hand, and the well-known 
differences in concentration toward the galaxy on the other. 

Such considerations show that for the totality ‘‘all stars 
together” the value of x? will doubtless change with the position in 
space and in particular with the distance of the stars from the plane 


*It is noteworthy that, provided the peculiar motion in the Milky Way is also 
zero (as it must be when the Maxwellian distribution holds for this limiting case), the 
parallax of these stars becomes a pure function of the linear velocity, that is, of the 
quotient, radial velocity divided by sin A, \ being the angular distance, star-apex. 
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of the Milky Way. ‘The present investigation, therefore, suffers 
from the defect that this circumstance was neglected, wu? having been 
taken the same for the whole of the system. I think that this 
shows sufficiently the absolute necessity of treating the different 
spectral classes separately. 

For such a treatment the necessary data are not yet available, 
or at least not available in a satisfactory form. Fortunately, 
however, there exist at present instruments capable of dealing 
successfully with difficulties which, not so long ago, would have been 
insurmountable. With their aid we may hope to obtain material 
for several spectral classes separately, little or not at all inferior 
to what has already been obtained for the stars as a whole. I 
think that the determination of the spectral class for some 1ooo 
stars of magnitudes 11 to 12, well distributed over the sky and for 
which the proper motion is either already sufficiently well known, 
or may be determined by taking a few additional photographic 
plates, will go far toward supplying us with what is so urgently 
wanted. 

APPENDIX 

Formulae for the computation of the attraction of a homogeneous 
revolution ellipsoid, of unit density (1 star per cubic parsec), on 
an exterior point. 

Take the axis of revolution as X-axis and let the xy-plane 
contain the attracted point whose co-ordinates are a and 8. Let 
A and B be the axes of the ellipsoid, the first coinciding with the 
axis of revolution, and let Y and Y represent the components of the 
required attraction, Z being zero. Then from the well-known 
formulae,’ if we put 


w= (4)'—1 (i) 
5-42) r 
padi ) 


tT have used the formulae as given by Duhamel, Cours de mécanique, V, 1, pp. 321 


and 318. 
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where, if a=o, A’ is obtained from 
A'=V 8?—A?\ (m) 
and if B=o, from 
A’=a. () 
For other values of a and 6 we may write 
pa’ eth (0) 
2 2A? 
a 
n= (p) 
A‘\2 : eer 
( , =—E+V E?+7? (q) 
With these auxiliary quantities we find 
X=—aK¢ (p), (r) 
Y=—BKw (pf), (s) 


in which $(p) and w(p), or rather their logarithms, have been 
tabulated in Table X by means of the formulae 


o(p)=2|p—arc tan p]} (t) 


w(p)=arc tan ee (u) 
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VALUES OF LOG @ (p) AND LOG w (p ACCORDING TO FORMULAI t) AND (4 
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A CONTINUOUS SPECTRUM FROM MERCURY VAPOR 
By C. D. CHILD 
ABSTRACT 


Continuous spectrum of mercury, red to ultra-violet—(1) Conditions for emission in 
discharge tube. A continuous spectrum identical with the fluorescence spectrum is 
emitted in addition to the ordinary line spectrum only when (a) the temperature of the 
vapor is above 120° C. and below 300° to 400°, depending on the pressure, when (0) the 
pressure is above 1 mm, when (c) the current-density is low, of the order of 10“ 
amp/cm? or less and (d) when very little air or other contaminating gas is present. 
An influence machine or transformer is better as a source of current than an induction 
coil, especially one with condensers. Ionization of the vapor is not necessary for the 
emission of this spectrum since it was obtained with only 7 volts between the Wehnelt 
cathode and surrounding cylinder. (2) Jn explanation it is suggested that the carriers 
of the spectrum are molecules consisting of two or more atoms, which emit the fluo- 
rescence spectrum as a result of excitation by ultra-violet radiation \ 2536 emitted by 
atoms struck by electrons with energies corresponding to 4.9 volts or more. 

Continuous spectrum of sodium.—Preliminary observations on heated sodium 
vapor in a discharge tube indicated that a continuous spectrum was present but 
much fainter than the line spectrum. 

Ionization potential for mercury.—Some observations on the current from a 
heated filament to a concentric electrode as a function of voltage seem to show that 
the ionization potential varies with the temperature, reaching a minimum for about 
140°, when it was 3 volts less than for 50°. 

Change in chemical behavior of mercury vapor at about 120°C.—Above that temper- 
ature it reacts with air to form a dark compound, but not below. This reaction is 
associated with the appearance of the continuous spectrum. 


The writer has recently observed that under certain conditions 
the electric discharge through mercury vapor produces a glow that 
is distinctly green. This shows the well-known line spectrum of 
mercury and also one that is apparently continuous from the red 
into the blue, being most prominent to the eye in the green. A 
brief mention was made by Warburg’ in 1890, that he had observed 
a continuous spectrum when studying the electric discharge 
through mercury vapor. This was verified by Wiedemann and 
Schmidt,? Kalihne,? and Kowalski.4 A continuous spectrum was 
also found by Hartley’ when mercury vapor is excited to fluores- 
cence by ultra-violet radiation, and was further studied by Wood® 

* Wiedemann’s Annalen, 40, 14, 1890. 

2 Tbid., §7, 457, 1896. 3 Thid., 65, 826, 1808. 

4 Physikalische Zeitschrift, 15, 249, 1914. 

5 Proceedings Royal Society, A, 76, 428, 1905. 

6 Philosophical Magazine (6), 18, 240, 1909, and (6), 23, 689, 1912. 
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and others. However, no extended study has been made of this 
spectrum when excited by an electric discharge, and the investi- 
gation described in the following paragraphs was, therefore, 
undertaken. 

Conditions necessary for obtaining the continuous spectrum. 
Small current-density.—There are three conditions necessary for 
obtaining the continuous spectrum by an electric discharge with 
any considerable brightness; the first being that the current- 
density must be small. As the current-density is increased the 
line spectrum becomes more prominent and the continuous spec- 
trum less so. Contracting the tube as in the Pliicker tube has 
the same effect as increasing the current. 

The best source of current for showing this spectrum is the 
Wimshurst or Toepler-Holtz machine. With the current from such 
a machine it is often impossible to detect any lines even when the 
continuous spectrum is very bright. A step-up transformer may 
also be used to advantage. An induction coil is not so satisfactory. 
It is possible to obtain the continuous spectrum with the dis- 
charge from a hot wire covered with calcium oxide, if the current 
is sufficiently small. Putting condensers in parallel with the induc- 
tion coil has the same effect as increasing the current. In most 
of the experiments described in this paper the discharge was 
obtained from a transformer, the current being approximately 
5 X10 amperes per square centimeter. 

Temperature and density necessary for the continuous specirum. 
The second condition necessary for obtaining the continuous 
spectrum is that the temperature must be above 120 C. and 
below a higher temperature which depends on the density of the 
vapor. Kowalski found that mercury vapor excited by an elec- 
trodeless discharge gave a white glow at room temperature and 
a green glow when heated to 140° C. This is approximately the 
same temperature as that which was found necessary to produce 
the continuous spectrum. 

A third condition necessary for the continuous spectrum is that 
the vapor have a density approximately that of saturated vapor 
at 120°C. This may be shown by maintaining the lower part of a 
tube containing a small amount of liquid mercury at a temperature 
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below 120° C., while the upper part is kept above that temperature. 
The vapor in such a tube is less dense than that required and does 
not show the continuous spectrum. This will be discussed more 
fully in a following paragraph. 

Even when the density of the vapor is kept constant the con- 
tinuous spectrum becomes less prominent, if the temperature is 
raised too high. This was shown by a tube 25 cm long which was 
heated while being exhausted until all but a few minute drops of 
the liquid mercury were vaporized. It was then sealed off from 
the pump and further heated until the mercury was completely 
vaporized. This showed the continuous spectrum with scarcely 
a trace of the line spectrum. If it was further heated until the glass 
became slightly conducting the glow became distinctly blue with 
the discharge concentrated in a line in the center of the tube. The 
line spectrum was then prominent with but little of the continuous 
spectrum. 

An experiment by Wood' showed that the same effect occurs at 
a higher temperature when the continuous spectrum is excited by 
ultra-violet light. In his experiment a quartz tube containing a 
very small drop of mercury was exhausted and sealed off from the 
pump and heated until the mercury was completely vaporized 
and the tube became red hot. It was found that after the mercury 
had all vaporized the fluorescence diminished in intensity and finally 
disappeared. 

It is difficult to determine the exact temperature and density 
necessary to produce the continuous spectrum not only because 
any change in the spectrum due to heating the tube occurs gradu- 
ally, but also because any trace of gas other than mercury hinders 
the production of the continuous spectrum. When a tube is 
sealed off from the pump and used for a time such gases are apt to 
occur. Lastly it is difficult to distinguish between effects due to 
temperature and those due to density, since it is impossible to 
increase the density of the vapor without increasing the tempera- 
ture. 

However, the arrangement shown in Figure 1 gives results of 
some value. 


* Philosophical Magazine (6), 18, 246, 1909. 
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The tube T was connected to the pump by a trap d. Observa- 
tions were made with this open and with it closed. The upper 
parts of T and c were surrounded with an asbestos jacket which was 
heated by aring burner. The lower part, including d, was immersed 
in an oil bath which was kej)’ at a lower temperature. When the 
trap at d was open the tendency 
for the mercury to distil into the 
pump was hindered by placing a 
capillary tube 20 cm long and 1.25 
mm in diameter at c. 

The trap at d could be closed 
by distilling mercury over from the 





tube until the opening to P was 
P closed. Both with the trap open 
| and with it closed the tube was 
heated for some time before obser- 





vations were taken. 
It was found that both the 
upper and the lower parts of the 





tube must be at least at 130° C. in 


~~ 


order to show the continuous spec- 


\ W trum prominently. Heating the 




















upper alone was not sufficient 
a even when the lower was but a 

few degrees below the required 
temperature. This again shows that it is not only necessary to 
have a required temperature but also a certain density of the 
vapor. 

The lower part of the tube was then maintained at various tem- 
peratures above 130 C. and the upper part was heated until the 
continuous spectrum approximately disappeared. In this case 
the density of the vapor did not remain constant but diminished 
as the temperature of the upper part was raised. ‘The results of 
such observations taken with the trap open are given in Table I 
but approximately the same results were obtained with the trap 


closed. Column 1 gives the temperature of the bath surrounding 
the bottom of the tube, and Column 2 gives the approximate 
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temperature of the air inside the jacket above which the vapor 
ceases to give the continuous spectrum. Above 4oo° C. the glass 
became somewhat conducting, so that no higher temperature 
could be taken with the apparatus at hand. 


TABLE I 
Column 1 Column 2 
132 310 
140 335 
150 375 
100 410 
107 440 


As has been stated, the values given in the second column are 
rough approximations, but they are sufficiently accurate to prove 
that the temperature at which the continuous spectrum disappears 
depends on the density of the vapor in the tube. This is what 
might be expected if the continuous spectrum depends on the 
presence of molecules in the vapor. According to the mass law, 
if both atoms and molecules are present, the greater the density 
of the vapor the greater the relative number of molecules at a 
given temperature, and the higher the temperature needed to 
break up all of the molecules into atoms. 

If both the vapor and the liquid mercury are heated above 
200° C. the discharge becomes concentrated at the center of the 
tube. At 280° C. with a pressure of 15 cm the discharge is almost 
a line, which is very bright and shows the line spectrum much more 
prominently than the continuous spectrum. 

Effect of vaporization and condensation.—It is easier to obtain 
the continuous spectrum where vaporization and condensation 
are taking place, as may be shown by heating a tube at some part 
where a few drops of mercury have condensed. If a discharge 
is passed through the tube, the continuous spectrum is much 
more prominent in the region where the vaporization occurs than 
elsewhere. 

However, neither vaporization nor condensation is essential 
for the production of the continuous spectrum. ‘This was shown 
in the experiment already described where a tube was heated until 


the mercury was completely vaporized. When there was neither 
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vaporization nor condensation, there was still the continuous 
spectrum with scarcely a trace of the line spectrum. 

There is, however, no question but that condensation aids in 
showing the continuous spectrum and also that it is the condensa- 
tion rather than the vaporization that is helpful. It is somewhat 
difficult to prove this since newly formed vapor ordinarily expands 
as soon as it leaves the surface of the hot mercury and in doing 
so may condense enough to show the continuous spectrum. How- 
ever, that the preceding statement is correct was shown by the tube 
illustrated in Figure 2. The electrode a extended into the liquid 

mercury. This was 
| heated and the part of 
| the tube at the left of 
| c was kept as hot as 
b possible. The part at 
| the right was allowed 





| to remain compara- 
tively cool. The con- 





nection to the pump 





was left open, so that 
only a part of the vapor passed into the tube. Under these con- 
ditions the glow over the liquid mercury and as far as ¢ was 
white, while that at the right of c was green. By having a 
current slightly greater than the minimum it is possible to obtain 
a discharge which shows no continuous spectrum at the left of c 
while it shows it very prominently at the right. 

Effect of other gases on the mercury vapor.—Wood' found that 
mercury would not fluoresce when mixed with other gases. The 
same has been found true when the continuous spectrum is pro- 
duced by an electric discharge. As has been stated, a very slight 
amount of air changes very greatly the upper temperature at 
which the continuous spectrum disappeared. Again, with 2 or 
3 mm of air and a small amount of mercury vapor it is impossible 
to obtain a continuous spectrum at any temperature. Thus in 
the preceding experiment, with the bath at the bottom of the tube 

t Astrophysical Journal, 26, 43, 1907; Philosophical Magazine {6), 18, 244, 1909, 


and (6), 21, 314, IgI1. 
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at 140° C. and 3 mm of air present, no continuous spectrum could 
be obtained, whatever the temperature of the upper part of the 
tube. When the upper part was at 230 C. only the line \ 5461 
could be detected. A somewhat similar phenomenon has been 
observed by Robertson’ when exciting mercury vapor by elec- 
trodeless discharge. 

Continuous spectrum not affected by the kind of electrode, kind of 
glass, nor purity of mercury.—The continuous spectrum is not 
affected by the shape of the tube nor that of the electrode, providing 
the current-density is not increased. It is shown equally well with 
platinum, iron, or mercury electrodes and in tubes made of soda, 
lead, or Pyrex glass. It showed equally well with mercury that had 
been distilled three times and with mercury containing zinc, lead, 
cadmium, or sodium as impurities. 

Mercury was also purified by distilling it in a stream of air. It 
is claimed by Hulett and Minchin’ that mercury so distilled has 
less than one part of zinc to 10° parts of mercury and that other 
oxidizable metals are removed to an equal extent. Mercury 
thus purified showed the same spectrum as other mercury. 

Differences between normal mercury vapor and that giving the 
continuous spectrum. Ionization of the gas not necessary for radiation. 

-In a number of ways the vapor which is in a condition to give the 
continuous spectrum behaves differently from mercury vapor at 
room temperature. First it may be made to give visible radiation 
without being ionized. This might be expected from the fact 
that it fluoresces under the influence of ultra-violet radiation 
without becoming ionized, as has been shown by Wood.) That 
such radiation may also be produced by an electric discharge 
without ionizing the vapor is shown by the following experiment. 
Current from a hot wire covered with calcium oxide was passed 
to a surrounding cylinder. When the mercury at the bottom of 
the tube was heated so as to send a stream of hot vapor through 
the cylinder the region above the cylinder showed a faint glow 
which gave the continuous spectrum even when the voltage between 

' Science, 52, 386, 1920. 


2 Physical Review, 21, 388, 1905. 


3 Philosophical Magazine (6), 23, 713, 1912. 
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the wire and the cylinder was much below that needed to produce 
ionization. 

In the experiment as performed the wire was 4 cm long and 
2mm in diameter. The surrounding cylinder was of iron, 5 cm 
long and 2 cm in diameter. At approximately 7 volts there was a 
faint glow above the cylinder, which grew somewhat brighter as the 
voltage was raised, but there was no large increase in the current 
until a difference of potential of 12 volts was applied, when the 
current suddenly increased and the region between the wire and 
the cylinder became luminous. The change above 12 volts was 
no doubt due to the beginning of ionization of the vapor. This 
would, therefore, seem to justify the conclusion that the continuous 
spectrum may be produced without ionizing the vapor. 

A lower ionization potential.—Again the ionization potential of 
the vapor giving the continuous spectrum appears to be lower than 
that of normal mercury vapor. This was shown by examining at 
different temperatures the voltage at which there occurs a large 
increase in the current passing from a hot wire to a surrounding 
cylinder without any corresponding increase in the voltage. The 
same tube was used for this purpose as in the preceding experiment 
where the discharge from a hot wire was examined. The air 
was pumped out by a diffusion pump until no reading could be 
made on a McLeod gauge that read down to .coo2 mm. _ The tube 
was then heated for some time so as to drive off any residual air, 
the tube becoming filled with mercury vapor from mercury kept in 
the bottom of the tube. The current through the platinum wire 
was kept at 4.5 amperes. 

At approximately 50 C. the critical voltage was 16 volts. 
When the tube was heated until the continuous spectrum appeared 
the critical voltage was approximately 13 volts. On further 
heating until the mercury at the bottom was freely boiling the 
critical voltage increased to 18 volts. On allowing the tube to 
cool this voltage again decreased to 13 volts and then increased to 
16 volts. 

Data taken with different temperatures of the wire and with 
different sizes of wire all showed a minimum critical voltage when 
the tube was barely hot enough to show the continuous spectrum. 
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A check upon this is given by the fact that when a current is 
sent through a tube from a Wimshurst machine, the potential 
difference between the electrodes is smallest when the temperature 
is such that the continuous spectrum begins to appear. This 
was shown by rough measurements taken with an electroscope. 

The high voltage required when the temperature was high 
was no doubt due to the large density of the mercury vapor. Al- 
though impact between electrons and atoms of mercury at low 
voltage is elastic, a small amount of energy is lost to the electron 
at each impact, so that with large density much of the energy is 
lost and a high voltage is necessary to produce ionization. 

The decrease in voltage occurring when the temperature is such 
that the continuous spectrum is barely visible must, of course, be 
explained in some other way. It might be thought that at the lower 
temperatures there was some impurity in the gas which caused the 
critical voltage to be high. This does not, however, seem probable, 
first, because the amount of gas other than mercury vapor which 
was left in the tube was very small, its pressure being less than 
.c0o2 mm. Secondly, even this small amount would be swept out 
by the flow of mercury vapor into the cooler parts of the apparatus. 

Again the lower critical value occurring when the continuous 
spectrum appeared might be explained on the ground that the 
platinum wire became hotter as the tube was heated and that the 
apparent critical voltage became lower because of the higher 
velocity of the emitted electrons. However, the resistance of the 
wire was measured by a Wheatstone bridge arrangement and it 
was found that when the tube was heated and the current through 
the wire was kept constant, the resistance of the wire became 
slightly less, indicating that the temperature of the wire decreased 
instead of increasing. This, no doubt, was due to the cooling 
effect of the mercury vapor about the wire. As the temperature 
of the tube is raised the density of the vapor increases and the 
denser vapor is able to conduct more heat from the wire, so that 
its temperature is lower, although the temperature of the sur- 


rounding tube is higher. 
It, therefore, seems necessary to accept the view that the lower 
critical voltage is due to the fact that the ionization potential of the 
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mercury vapor is less when the vapor is in a condition to give the 
continuous spectrum than when it is at room temperature. 
Whether this lowering is due directly to a change in the condition 
of the molecules which makes them more easily ionized, or to some 
ability which they acquire of absorbing radiation, cannot at present 
be stated. A more direct method of measuring the ionization 
potential is desirable in order to give us further knowledge of this 
subject. 

Hot vapor active chemically.—During these experiments it was 
noticed that if any appreciable amount of air was left in the tube 
and the temperature raised sufficiently high to produce the con- 
tinuous spectrum, a dark compound was formed which stuck to the 
sides of the glass. The substance was not formed when the dis- 
charge was passed through a tube at room temperature. By using 
a tube that was hotter at the bottom than at the top it was possible 
to observe the boundary between the region showing the con- 
tinuous spectrum and that showing the line spectrum and it was 
found that this was also the boundary between the glass covered 
with the deposit and the clean glass. 

Continuance of the glow.—When this discharge showed the con- 
tinuous spectrum there was usually a green glow for several centi- 
meters above the upper electrode. This could be explained as due 
to carriers of the continuous spectrum continuing to radiate for 
an appreciable time after they were excited. This continuance 
of the glow was examined by two different methods. One of those 
used has been described in a preceding article." The discharge 
was passed from the secondary of a transformer and the time at 
which the current ceased was compared with the time at which 
the light ceased to be visible. This method indicated a con- 
tinuance of the light for .oo2 seconds after the current ceased. 

There is, however, an objection to this method owing to the 
possibility of the glass’s becoming charged at the time the dis- 
charge passes and producing a luminous discharge after the current 
proper has ceased. The following arrangement obviates this 
difficulty to a large extent. The tube which has already been 
described in showing the discharge from a hot wire to a cylinder 


* Physical Review (2), 9, 1, 1917. 
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surrounding it was used. The current between the wire and the 
cylinder was made and broken by a wheel attached to the syn- 
chronous motor used in the preceding experiment. The difference 
in time between the breaking of the current and the time when the 
light ceased to be visible was apparently .oo8 seconds. 

Since the voltage here was not more than 30 volts and the wire 
was so nearly surrounded by the cylinder, it seems as if the glass 
could not have been charged to a sufficient amount to produce any 
light. On the other hand the fact that the light was here observed 
to continue for a period longer than that found with a spark 
discharge which is known to be somewhat untrustworthy makes it 
desirable to study this phenomenon further. 

Character of the spectrum.—As far as could be determined by 
observations with the eye and by some rather crude photographs 
of the spectrum the continuous spectrum here studied is the same 
as that given by Wood’ but the writer has neither the apparatus 
nor the experience to warrant further work with this. Wood’s 
work has shown that this spectrum is continuous from the yellow 
into the ultra-violet at about the wave-length \ 3000 with a 
minimum at A 3600. When the glow is produced by electric 
means and the conditions are at their best the red is also visible. 

Again we might expect the relative intensity of different parts 
of the spectrum to vary as the conditions of the experiment varied. 
Such a variation was found by Wood? in the case of iodine vapor 
when its density was changed. A difference of this sort would 
indeed be expected if the molecules giving the spectrum differ in 
size or are subject to any change which progresses as the tempera- 
ture is varied. 

However, there does not appear to be any such variation in the 
continuous spectrum from mercury vapor, as is shown by the 
following experiments. A discharge was passed from the bottom 
of a tube containing boiling mercury to an electrode 24 cm above 
it. It is probable that if the molecules change either in size or in 
condition, they do so in passing from the hot liquid to the cooler 
region above. However, no difference could be observed in the 


* Philosophical Magazine (6), 18, 240, 1909. Plate 7, Fig. 6. 


2 Ibid. (6), 27, 531, 1914. 
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character of the spectrum coming from different parts of the tube. 
Neither did changing the intensity of the light produce any change 
in the relative brightness of different parts of the spectrum. 

Again the color of the discharge through tubes differing in 
temperature and in density of vapor is the same as long as only the 
continuous spectrum appears. For example one tube was heated 
to approximately 140 C. and second to 220°C. The pressure of 
the vapor in the first case was 2 mm and in the second was 3 cm. 
When the two tubes were placed side by side and the same current 
sent through them no difference in color could be detected. At 
higher temperatures the discharge becomes concentrated in the 
center of the tube and the line spectrum becomes noticeable. 
In that case a difference of color is, of course, noticeable. 

Moreover, Wood and others who have examined the fluorescence 
of mercury vapor when at atmospheric pressure mention the color 
as being green. which is the same as that given by the vapor at 
low pressure. 

The evidence obtained from the spectrum would, therefore, 
indicate that the oscillating system which gives the continuous 
spectrum is distinctly different from that which gives the line 
spectrum, that the light always comes from the same oscillating 
system rather than from a number of different ones and that it is 
not affected by the frequency of the impacts between the molecules. 

The carriers of the continuous spectrum.—In attempting to 
determine the carriers of the continuous spectrum two explanations 
have been considered. One is that the same vibrating system 
gives both the line and the continuous spectrum, the vibrations 
being modified when the vapor is dense by the greater number of 
impacts. There are two objections to this view. First, experi- 
ment shows that when the density is kept constant and the tempera- 
ture of the vapor is raised the ability of the vapor to give the con- 
tinuous spectrum is impaired, if not destroyed. But under these 
conditions there is an increase in the number and intensity of 
impacts per second and if the continuous spectrum is due to impacts 
between atoms, one would expect the continuous spectrum to 
become more conspicuous instead of less so. 
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Secondly, there are impacts at 120° C. as well as at 140°C. 
They are indeed more than twice as frequent in the latter case and 
somewhat more intense, but if the impacts affect the oscillations 
at one temperature, one would expect some effect at the other 
and yet at the lower temperature there is usually no indication of 
the continuous spectrum, while at the higher one it almost entirely 
displaces the line spectrum. Moreover, the usual change in the 
spectrum to be produced by increasing the density is a broadening of 
the lines and not a complete change of the spectrum. 

It seems to the writer that a more probable explanation is that 
the carriers of the continuous spectrum are molecules of mercury 
while the atoms are the carriers of the line spectrum. The deter- 
mination of the specific gravity of mercury vapor indicates that it is 
monatomic, but these determinations are not sufficiently accurate 
to make the presence of the molecules seem improbable even when 
the temperature is high, and it is difficult to believe that a mona- 
tomic vapor can give two such radically different spectra and 
behave in other ways as differently as this vapor does. 

Such an assumption would explain the fact that with high 
temperatures or with large currents such as occur with the mercury 
arc the continuous spectrum does not appear, for in such cases 
the molecules are no doubt split up into atoms which give only the 
line spectrum. 

This, however, does not explain the large change in the spectrum 
which occurs at 130° C. We are, therefore, compelled to make the 
further assumption that the molecules are more easily excited at 
high temperatures than at low. Such an assumption is not unrea- 
sonable. While energy is probably not absorbed by the internal 
structure of isolated atoms when the gas is heated, it probably 
is absorbed by molecules of two or more atoms. If so, such mole- 
cules may be more easily ionized and excited to radiate at higher 
temperatures. According to such an assumption, at room tempera- 
tures the atoms are the more easily excited and only the line spec- 
trum appears, while at the higher temperatures the molecules are 
more easily excited and we have also the continuous spectrum. 


The facts can, therefore, be explained on the following assump- 
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tions: First, the carrier of the continuous spectrum are molecules 
consisting of two or more atoms, and secondly, these molecules are 
more easily excited at high temperatures than at low. 

Manner of excitation.—There are at least two ways in which the 
vibrations giving the continuous spectrum may be excited; the 
molecules may be agitated by impacts of electrons on the molecules, 
or by the absorption of ultra-violet radiation. The impact of 
electrons on the atoms of mercury no doubt produces radiation 
of wave-length A 2536 and in a similar way the impact on molecules 
may produce the continuous spectrum, but since this spectrum 
is certainly produced by ultra-violet radiation, as was shown by 
Wood, and since radiation of wave-length \ 2536 is produced by 
the impact of electrons on atoms as has been shown by Franck and 
Hertz, it seems to the writer more probable that there is first a 
production of the radiation of wave-length \ 2536 and that this 
under proper conditions causes fluorescence of the vapor which 
gives out the continuous spectrum. 

When an electron which has passed through a difference of 
potential of 4.9 volts, hits a mercury atom, it gives up its energy 
to the atom and the atom radiates this energy as ultra-violet light. 
When the gas is as dense as in the cases here studied the greater 
part of the energy goes primarily into such radiation, for with such 
densities the electrons will in almost every case hit an atom after it 
has passed through 4.9 volts and before it has passed through 10.4 
volts, which is the voltage necessary to produce ionization. 

An atom which has thus been partially ionized may be hit by a 
second electron before it radiates its energy and complete ionization 
may occur, as has been pointed out by Van der Biji' and Compton.’ 
The recombination resulting from such ionization produces the 
line spectrum of mercury. With larger currents the chance of an 
atom being hit a second time before it has radiated its energy is, of 
course, greater than with small currents, so that entirely aside 
from the increase in temperature caused by the large current the 
line spectrum is more apt to be prominent when the current is large. 

On the other hand, if the partially ionized atom is not quickly 
hit, it will radiate its energy. This may pass to a second atom 


' Physical Review (2), 10, 546, 1917. 2 Ibid. (2), 15, 476, 1920. 
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and partially ionize it, which in turn may give out this same kind 
of radiation. This last is the kind of fluorescence which is known 
as resonance radiation.’ 

If there are no molecules present, or if they are not in a condition 
to absorb this energy, as they apparently are not at room tempera- 
ture, then all of the energy of this radiation will either aid in 
ionizing atoms or will be radiated from the gas as wave-length 
A 2536. If, however, there are molecules of two or more atoms 
present which are in a condition to absorb the energy of this radia- 
tion, they fluoresce, emitting a radiation which gives the continuous 
spectrum. 

The manner of excitation of the continuous spectrum is then 
conceived to be as follows: The electrons partially ionize some 
of the atoms. These radiate energy of wave-length A 2536. If 
this radiation falls on molecules which are capable of absorbing it, 
the vapor fluoresces, giving out the radiation which gives the con- 
tinuous spectrum. 

The experiment which has been described showing that it is 
possible to produce the continuous spectrum without ionization 
confirms this explanation. 

The fact that the line spectrum appears at the cathode even 
when the continuous spectrum appears in the positive column 
may be explained by assuming that in the cathode drop where the 
electric force is large the electrons attain sufficient velocity to 
completely ionize the atoms upon impact, and the resulting recom- 
bination of the positive ions with the electrons gives the line 
spectrum. 

The condensed discharge.—As has been stated the discharge from 
an induction coil does not give as prominent a continuous spectrum 
as that from a Wimshurst machine. This is especially true, if 
condensers are in parallel with the tube. A tube so heated that 
the discharge from a Wimshurst machine will show only the 
continuous spectrum will scarcely show anything but the line 
spectrum with the spark from an induction coil. 

There are two respects in which the condensed discharge differs 
from the uncondensed. The maximum current is greater with the 


t Philosophical Magazine (6), 23, 699, 1912. 
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condensed discharge, and the voltage when the spark commences 
is higher due to the fact that the ions have nearly all recombined 
since the preceding discharge. The following experiment indicates 
that it is the large current rather than the high voltage which causes 
the difference. The current from a Wimshurst machine was passed 
between a and 6 in Figure 3 when the tube 
} | was so heated as to give the continuous 
/ | C spectrum. A spark from an induction coil 
| having capacity in parallel with the tube 


was then passed between c andd. This was 


a —_ | found to show the line spectrum as plainly 

between a and 6 as in the other parts of the 

| | y tube. The voltage between a and b could 

| ———— not in this case have been greater with the 

| spark since the glow discharge would keep 

d the gas in this region conducting while the 

| current from the induction coil was inter- 
rupted. 

Continuous spectrum from other gases. 
If this explanation is correct, it would be 


Nay, reasonable to expect a continuous spectrum 


from other gases, or at least with other 





Fic. 2 ‘ 
monatomic gases when near the point of 


condensation. Some observations were made on the discharge 
through sodium vapor when heated. There appeared to be a 
continuous spectrum present but it was much fainter than the line 
spectrum, so that no very definite description of it can be given. 
It is probable that it was the fluorescent spectrum of sodium 
vapor which has been described by Wiedemann and Schmidt’ 
and others. 

I desire to express my appreciation of the assistance which has 
been given me in the preceding work by Mr. B. K. Northrup, of 
Cornell University, and Professor A. E. Wood, of Colgate Univer- 
sity. 

COLGATE UNIVERSITY 

September 1921 
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FORMATION AND LIFE OF METASTABLE HELIUM 
By FABIAN M. KANNENSTINE 


ABSTRACT 

Current- potential curves for alternating and intermittent arcs in pure helium between 
a Wehnelt cathode and nickel anode were obtained by use of a Braun-tube oscillograph, 
for pressures of from 0.06 to 2mm. With alternating voltages, the striking potential 
for each half-cycle was 29 volts or more for frequencies of 200 or less, but for frequencies 
of 220 cycles and above, the current started at about 5 volts and soon reached a 
saturation value until about 25 volts caused a further increase. In all cases the 
breaking potential was about 5 volts. To form the intermittent arc, the voltage was 
periodically dropped from 36 to some lower predetermined value. If this lower 
potential was less than 4.6 volts, the arc was suddenly extinguished; if between 4.6 
and 23.7 volts, the arc died out gradually; and if it was 25.3 volts or above, the arc 
Was maintained. All the foregoing values include a correction ot 1.1 volts added to 
the actual readings to bring them in agreement with accepted results. 

Evidence as to the life of metastable helium.—To explain various experimental 
results, it has been suggested that atoms of helium, partially ionized by electronic 
collisions of 20.8 volts or more and hence capable of complete ionization by further 
impacts of 4.8 volts or more, remain in this metastable condition for an appreciable 
time. The foregoing results not only confirm this suggestion but also show that 
under the circumstances of this experiment the metastable form persists for about 
0.0024 second. 


INTRODUCTION 

Experiments with electron impacts in helium have led to a 
value for the minimum ionizing potential of 25.3 volts and to two 
radiating potentials, one at 20.5 volts' and another at 21.3 volts.’ 
Franck and Reiche’ and Franck and Knipping? conclude that the 
partially ionized state formed when the atom has been excited by 
the impact of 20.5 volt electrons is a ‘‘metastable”’ state, which may 
persist for some time and may be even permanently stable in abso- 
lutely pure helium. This cenclusion is drawn from the fact that 
the radiation usually observed with electron impacts at this voltage 
disappeared when the helium was very pure, indicating that the 
displaced electrons do not return to the normal state. In slightly 
impure helium they also observed that the radiation, as measured by 

« F, Horton and A. C. Davies, Philosophical Magazine, 42, 746, 1921; J. Franck 
and P. Knipping, Physikalische Zeitschrift, 20, 481, 1919; K.T. Compton, Philosophical 
Magazine, 40, 553, 1920; F. S. Goucher, Proceedings Physical Society of London, 33, 
13, 1920. 

2J. Franck and P. Knipping, loc. cit. Zeitschrift fiir Physik, 1, 320, 192Cc. 
F. Horton and A. C. Davies, oc. cit. 


3 Zeitschrift fiir Physik, 1, 54, 1920. 
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its photo-electric effect, appeared to continue for a brief time after 
the exciting electron impacts ceased. 

Experiments by Paschen,' which show that in pure excited helium 
resonance radiation may be caused by the infra-red line 10830 A, 
also support the conception of a metastable state. All the energy 
of this wave-length absorbed by the excited atoms was found to 
be re-emitted as radiation of this same wave-length. In terms of 
Bohr’s model this means that the radiation is absorbed by atoms 
which have already absorbed the energy corresponding to the 
radiating potential 20.5 volts, and that the displaced electrons 
return to this partially ionized state only, and not to the normal 
state. 

The semi-stable existence of partially ionized helium atoms is 
also useful in explaining the phenomena in low-voltage arcs in 
helium, especially the striking of the arc at 20.5 volts with dense 
electron currents.? The phenomena of successive impacts as dis- 
cussed by Compton’ are of much more importance when the par- 
tially ionized atoms have a relatively long life. ‘The metastable 
helium should be completely ionized by electrons with a speed 
corresponding to a potential of 25.3 —20.5=4.8 volts. If we assume 
that the metastable state may be produced by the arc radiations,‘ 
then an arc might be maintained with dense enough electron 
currents down to 4.8 volts. It is of interest that in this way Comp- 
ton, Olmstead, and Lillie have maintained an arc with potentials 
as low as 8 volts between the electrodes. Horton and Davies’ 
report an unsuccessful attempt to observe the ionization of 
abnormal helium atoms by bombardment with electrons of 4.8 
volts. 

In this paper experiments with helium arcs are described which 
show that helium may exist temporarily in a metastable form, and 
that arcs may be maintained in it with 3.5 volts. An approximate 
determination of its life is also reported. 

t Annalen der Physik, 45, 625, 1914. 

2K. T. Compton, E. G. Lillie, P. S. Olmstead, Physical Review, 16, 282, 1920. 

3 Physical Review, 15, 476, 1920. 

40. W. Richardson and C. B. Bazzoni, Nature 98, 5, 1916; F. Horton and A. C., 
Davies, op. cit., 42, 752, 1921. 


5 [bid., 42, 703, 1921. 
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ARCS WITH LOW-FREQUENCY VOLTAGES 

The arcs were formed between a Wehnelt cathode and nickel 
anode in a pyrex tube containing carefully purified helium. The 
helium was purified by passing over heated copper oxide and 
charcoal immersed in liquid air. Before passing into the experi- 
mental tube the helium passed through two additional charcoal 
tubes and a liquid-air trap. The tube and liquid-air trap were baked 
out at 450° C. for several days before the helium was admitted. 

In the first experiments the helium was excited by an alternat- 
ing e.m.f. An electromagnetic oscillograph was used to obtain 
curves showing the variation of current and voltage with time. 
From such curves the current-voltage curve may be obtained. 

A decided dissymmetry in the growth and decay of the arc 
current could be observed, and also an apparent continuation of 
the arc current down to very low voltages. To obtain greater 
sensitiveness and to avoid the possible distortion from the inertia 
of the oscillograph elements, a sensitive Braun tube oscillograph 
was used in most of the later experiments. The electrostatic 
deflecting plates of the Braun tube were connected across the anode 
and cathode of the helium tube, while the arc current passed through 
the electromagnetic deflecting coils. The electrostatic and electro- 
magnetic deflections were at right angles, so that the figure on the 
screen of the Braun tube was a graph in rectangular co-ordinates 
of the impressed e.m.f. and the arc current. ‘The deflecting coils 
were so adjusted that the thermionic current alone did not produce 
any observable deflection. 

Figure 1 shows the kind of curve obtained with a 60-cycle 
e.m.f. in helium at a pressure of 2mm. It is seen that at a certain 
voltage the arc strikes, and as the voltage increases the current 
increases also. When the voltage decreases the current decreases 
at the same time, but continues with considerable magnitude until 
the voltage reaches a value of about 4 volts, when the current 
ceases to flow. Careful observation showed a sudden drop to 


zero at this lower voltage. This continuation of the arc to very 
low potentials may be attributed to the persistence of a metastable 
form of helium in which an arc may be maintained down to about 
4 volts. Two other breaks in the down curve may be observed 
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just below the striking potential of the helium itself. These 
breaks will be referred to later. 

This type of curve was observed with 60 cycles at pressures 
down to 0.06mm. Down to 1 mm pressure the striking potential 
was about 28 volts, and at the dying-out potential of about 4 volts 
a very decided drop of the arc current to zero was observed. As 
the pressure was decreased below 1 mm the striking potential 
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increased and the dying-out potential became less certain, i.e., 
the drop to zero current was not so sudden as at higher pressures. 
At 0.06 mm the striking potential had increased to about 4o volts 
and the dying-out potential to about 20 volts. Figure 2 shows the 
type of curve obtained at 0.06 mm pressure. At all these pressures 
the filament temperature was approximately constant. The mean 
arc current varied from 25 milliamperes at 2mm pressure to 10 
milliamperes at 0.06 mm pressure. 

If any impurities are present one would expect their effect to 
be more marked at lower pressures. Franck and Knipping have 
assumed that metastable helium will not return to normal helium 
except in the presence of impurities, so that with larger amounts 
of impurities we might expect the metastable helium to be 
destroyed in a shorter time. This is probably the interpretation 
of the gradual dying out of the arc before the voltage had dropped 
to 4 volts, as was observed when the pressure was very low. 
Experiments were made directly with the method discussed in the 
next section to see if the life was affected by impurities obtained 
by removing the liquid air from the charcoal for a short time till 
the helium had become very impure. ‘The experiments indicated 
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that while the impurities suppressed the amount of the metastable 
helium, the part remaining had the same life as that formed in the 
pure helium. The increase in the striking potential as the pressure 
was reduced is more difficult to interpret and is probably connected 
with the mechanism of the arc formation. 


ARCS WITH HIGH-FREQUENCY VOLTAGES 

With a sufficiently high frequency the e.m.f. should pass from 
+4 volts to its negative maximum and back to +4 volts before the 
metastable helium has disappeared, and upon reaching 4 volts 
the arc should strike, due to the ionization of the metastable helium 
still present. 

Accordingly various frequencies from 60 to 10,000 cycles were 
impressed on the arc. An audion oscillator was used as a source 
for these frequencies. ‘The author wishes to acknowledge his 
indebtedness to Dr. J. P. Minton and Mr. V. O. Knudsen for the 
use of their oscillators in this work. ‘The alternating emf. 
impressed on the arc was obtained from the secondary of an iron 
core transformer having its primary winding in the plate circuit 
of the oscillator. 

Figure 3 shows the type of figure observed above 220 cycles 
per second at 2mm pressure. The arc struck at about 4 volts, 
and the current rapidly attained 
a saturation value at which the oh 
arc current continued until the 
voltage had reached about 25 volts, 
when a second sudden increase was — 
obtained. ‘The decreasing part of a 


the curve was above the increasing 





OY 


part but fell to zero at the lower 





striking voltage. 
With 200 cycles no appreciable Fic. 3 

arc formation at the lower voltage 

could be observed, indicating that the metastable helium practi- 

cally disappeared in less than approximately ;},5 of a second. The 

striking of the arc at about 4 volts with 220 cycles indicates 

that enough of the metastable helium was left after approximately 


¢1 Of a second to give an observable indication of ionization. 
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All the figures above 220 cycles were similar, except that as 
the frequency was increased the striking at about 4 volts became 
more and more marked. 

In using the oscillator as a source of alternating e.m.f. smooth 
curves were not always obtained. As the mean arc current was 
increased, by raising the electron emission, certain parts of the 
curve became wavy. ‘This was particularly noticeable on the 
striking of the arc at about 25 volts. Instead of the arc current 
increasing as in Figure 1, it increased in a wavy form, indicating 
that the impressed voltage rose and fell during this striking period. 
This is provisionally attributed to self-induction in parts of the 


circuit or to the presence of iron in the oscillating circuit 


ARCS WITH INTERMITTENT CONSTANT VOLTAGES 


In another series of experiments intermittent constant voltages 


from a battery were impressed between the hot cathode, C, and 


the anode, A (see Fig. 4). When the mercury interrupter, /7, was 


A 


open the voltage impressed 
on the electrodes was about 
35 volts, and when the in- 
terrupter shorted the section 
BD, the voltage dropped to 
a value dependent upon the 
position of the slider B. In 


this way it was possible to 





impress a voltage of about 





35 volts and suddenly change 
this voltage to a lower value. 


The are current was passed 





through the deflecting coils, 
M, of the Braun tube. The spot was examined directly and also 
with a rotating mirror. Since it was rather difficult to observe 
the spot in the rotating mirror the following arrangement was also 
used. <A uniform time deflection was obtained by connecting the 
deflecting plates to a potentiometer with a rotating contact, which 
was mounted on the shaft of the mercury interrupter. ‘The electro- 
static deflection was therefore proportional to the time and the 
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magnetic deflection proportional to the current through the arc. 
These two deflections were at right angles. Furthermore, since 
the rotating contact was mounted on the interrupter shaft, the 
figure produced was stationary and could be carefully examined 
as the slider B was moved. 

With the lower voltage below 3.5 volts and without the time 
deflection two spots appeared on the Braun tube screen, the upper 
one corresponding to the current for 35-volt excitation and the 
lower one for zero current. Using the time deflection, it was seen 
that the arc was extinguished in a time too short to be so observed, 
as shown at the right of Figure 5. Only a very faint vertical line 
appeared, since the spot moved very rapidly from the upper to the 
lower positions. 

As the lower voltage was increased to 3.5 volts the lower line 
suddenly became curved as shown in Figure 6, indicating a gradual 
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decrease of the current to zero value. This sudden curving of the 
lower line at 3.5 volts may be attributed to the presence of metas- 
table helium produced during the 35-volt excitation. That is, the 
voltage dropped from 35 volts to 3.5 volts in a time short compared 
with the life of the metastable helium, and the arc was maintained 
by 3.5 volts as long as the metastable helium was present. 

The dying out of the arc continued to have the same appearance 
until the lower voltage had been increased to 22.6 volts, when a 
third spot appeared slightly above that for zero current as in Fig- 
ure 7. Using the time deflection, it was seen that the arc was 
maintained for a brief time with this voltage before dying out. 

A slight further increase of the lower voltage to 23.6 volts 
brought out still another spot, as in Figure 8, and the time deflec- 
tion showed a dying out of the current in two stages as shown. 


The voltages for these two breaks in the decrease correspond to 
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the voltages for the two breaks observed in the down curve of the 
alternating e.m.f. figure already described. ‘This decrease in two 
stages may be connected with the fact of the existence of two radiat- 
ing potentials of helium 0.8 volts apart corresponding to the first 
coplanor orbit (helium) and the first crossed orbit (parhelium) on 
Franck and Knipping’s interpretation. 

With a slightly increased lower voltage of 24.2 volts the arc 
was maintained. The two lower spots of Figure 8 disappeared, 
and the arc current jumped between the two values indicated by 


the two upper spots. 
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These phenomena were qualitatively the same at pressures 
ranging from 2mm down too.06 mm. ‘The above exact determina- 
tions were all made visually with the Braun tube oscillograph, but 
for the purpose of illustration photographs made with the electro- 
magnetic oscillograph show qualitatively the same phenomena, 
although with less sharpness in the details. Plate VI shows the 
various changes which occur as the lower voltage is increased from 
zero to 24.2 volts. These oscillograms were obtained by passing 
the arc current through an element of the electromagnetic oscillo- 
graph and photographing the curve while the mercury interrupter 
was operating. In a the lower voltage was below 3.5 volts, and 
it is seen that the arc current drops to zero in a very short time. 
The curving of the lower current line when the lower voltage reaches 
3.5 volts is shown in 6. ‘The brief maintenance of the arc at a lower 
voltage of 22.6 volts is shown in c, and the decrease in two stages 
at a lower voltage of 23.6 is shown ind. The maintenance of the 
arc at 24.2 volts is shown in e. 

A number of readings were taken of these voltages, and then 
the cathode current was reversed in order to eliminate the drop in 
voltage along the cathode, and another set of readings taken. The 
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above values are the mean of all these values and thus are the 
potentials correct to approximately o.1 volt between the anode 
and the center of the cathode. Corrections are necessary to allow 
for the initial velocity of emission of the electrons, the contact 
difference of potential, and the fact that some of the electrons are 
emitted from a more negative part of the filament than the center. 
As the drop of potential from the center to one end was 0.9 volt, this 
last correction may amount to about o.4 volt. The other two 
corrections may easily amount to one volt or more according to 
a recent theory of K. T. Compton’ in explanation of the results 
obtained by Hebb’ on the arcing voltage in mercury vapor. It is 
thus permissible to apply a correction of 1.1 volts to the observed 
values given to make the upper voltage required to maintain the 
arc, 24.2, agree with the observed value of the ionization potential 
in helium, viz., 25.3 volts. ‘This correction applied to the lowest 
potential observed for striking or maintaining the arc, 3.5 volts, 
gives a value of 4.6 volts in agreement within experimental error, 
with the theoretical ionization potential for metastable helium. 
Or, avoiding the question of corrections entirely, we may say that 
the difference between the two voltages observed, the lowest 
potential required to maintain an arc in helium with low electron 
density, and the minimum potential to maintain an arc in metas- 
table helium is 24.2—3.5=20.7 volts, and this value is within 
experimental error the minimum potential required to produce 
the metastable form of helium. 

The author wishes to express his thanks to Professor H. G. 
Gale for his kind encouragement and advice during the progress 
of this work, and to Professor A. J. Dempster, who proposed the 
investigation of this particular phase of helium arcs, and without 
whose suggestions and assistance this work would not have been 
possible. 

RYERSON PHysICAL LABORATORY 

April 1922 


* American Physical Society Meeting, Washington, April 22, 1922. 


2 Physical Review, 16, 375, 1920. 











NOTES ON IONIZATION IN THE SOLAR ATMOSPHERE! 
By HENRY NORRIS RUSSELL 


ABSTRACT 


Ionization in the solar atmos phere.—The absorption of photospheric radiation by 
atoms in the sun’s atmosphe re tends to increase the de gree ol ionization, both dire« tly, 
by shifting an electron into a position from which its removal is easier, and indirectly, 
when enhanced lines are absorbed, by getting the ionized atoms into states in which 
they are probably less likely to combine with electrons Both these influences operate 


strongly in ‘the case of barium and weakly, if at all, for sodium. This probably 
eexplains why barium is much more highly ionized in the sun than sodium, although 
their ionization potentials are the same. The case of lithium, which is also ionized to 
an abnormally high degree, cannot be explained in this way Che greater width of the 


lines, due to the thermal agitation of so light an atom, may help to solve the problem 
Barium.—The lines of this element which are present, or doubtful, in the solar 


spectrum are tabulated. All the strong lines arise from the ionized atom \ few 
faint lines of the neutral atom are probably present. 

Rubidium.—Three enhanced lines of this metal are present, though faint, in the 
normal solar spectrum. 

Manganese. he ionization potential 7.0 volts agrees well with the value pre- 


dicted from the behavior of its lines in the solar spectrum. 


The following remarks may be regarded as extensions of the 
writer’s recent paper, ‘‘The Theory of Ionization and the Sun-Spot 
Spectrum.’ ‘The ideas on which they are based grew largely out 
ot conversations between the writer and Professors K. T. Compton, 
of Princeton, and F. A. Saunders, of Harvard, to both of whom he 
desires to acknowledge his indebtedness. 

1. Barium.—The spectroscopic behavior of this element indi- 
cates that it is ionized to a much higher degree in the solar atmos- 
phere, and even in the spots, than would be expected from its 
ionization potential, which is substantially identical with that of 
sodium. 

The statement in the previous paper, that none of the lines of the 
neutral barium atom appear in the solar spectrum, is incorrect, 
for the second line of the principal series at \ 3071 is faintly present, 


t Contributions from the Mount Wilson Observatory, No. 236. 
2 Research Associate of the Mount Wilson Observatory. 


3 Mt. Wilson Contr., No. 225; Astrophysical Journal, 55, 110, 1922. 
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King" records that a number of lines belonging to the fundamental 
series of triplets,? which are very diffuse in the arc, but sharp in the 
vacuum furnace, are present in the sun, though very faint. Table I 
gives a list of all those barium lines which can be identified with 


tolerable certainty in the solar spectrum. The first three columns 


TABLE I 


LINES OF BARIUM IN THE SOLAR SPECTRUM 


Arc SpecTRUM (KING SOLAR SPECTRUM (ROWLAND 


I Int Class d Origin Int. Ar Notes 
3071.52 100 R III 1.662 | Ba 00 —0.044 (1) 
3891. 788 50 V 1.918 ° — .O12 (2) 
39095.633.. 30 III 5.769 Ba? 000 — .O10 (3) 
4130.083 80 V 0.804 Ba 2 — .036 (2) 
4106 .027 20 V 6.161 Ba ° — .o18 (2) 
4524.9406 35 V 5.110 ° — .004 (4) 
4554.038 ooo R I] 4.211 Ba 8 + .003 } (5) 
40360. 333 I5N I\ 6.501 ° — .007 
49034.009 700 R I] + ph Ba 3 — .027 (5) 

4.273 4 
§ 267.013 20 IV? 7. 203 : 000 + .005 
5853.609 200 Il] 3.go2 Ba? 5 — .009 
6141.7060. 600 R II] 1.938 Fe, Ba | — .032 
6496.902 600 R II] 7.128 Fe 4 +0.013 (6 
Doubtful Lines 
39003. 305 So II 3.616 Ba? 00 N} +0.065 (3) 
4132.444 20 | 2.560 Ba? ° — .O4I 
4283.111 100 I] 3.414 Ba? oo N} + .14I1 
4350.375 So I] 0.550 Ba? oo N| + .o12 
4505 .93¢ 40 I] 6.259 Ba? oo N} + .156 
4573-881 40 I] 3.900 Ba? 000 .OgI 
4899.970 se IV? 0.095 Ti, La 2 - .055)| (4) (7 
6019. 505 100 I] 9.590 Ba ? 000 — .127 
6110. 808 300 R I] 1.005 0000 + .064 
6595.351 125 I 5.590 0000 +0.010 
NOTES 


according to Bur 


1. Second member of the principal series of neutral atom 1s-3p. 


NeW bh 


Second member of diffuse series of enhanced lines 2P-4D. 

Part of first member of fundamental series of neutral atom 3d—sf. 
First pair of sharp series of enhanced lines 2P 3. 

First pair of principal series of enhanced lines 1S—2P. 


6. Rowland gives this as an iron line: but the line in question is at 6490. 462 (I.A.) 
The solar line is probably due to barium. 
7. The barium line, if present, is masked. 


t Ut. Wilson Contr., No. 150; 


Ns. 


Astrophysical Journal, 48, 13-34, 1918. 


2 Saunders, Astrophysical Journal, 51, 25, 1920. 
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give the wave-length in I.A. from the measures of King or Schmitz, 
the intensity in the arc, and the temperature class; the next three, 
Rowland’s wave-length, origin, and intensity; and the next, the 
difference AX between Rowland’s wave-length and the laboratory 
value after the application of St. John’s value of the systematic 
correction. 

All the high-temperature lines of King’s classes IV and V, which 
are of intensity greater than 20 in the arc, appear in the solar spec- 
trum, while numerous very strong low-temperature lines of classes I 
and II and intensities from 200 to 1000, are entirely absent. Most 
of the lines which are certainly present are well-known enhanced 
lines. The strong lines at 5853, 6141, and 6496 constitute, accord- 
ing to Saunders,' the first member of the diffuse series of enhanced 
lines, and are analogous to AA 8662, 8542, 8498 of calcium, but 
reversed in order of wave-length. They are unaffected in the spot 
spectrum. ‘The enhanced lines of the sharp series appear to be 
faintly present, and not absent, as stated earlier. 

It appears, therefore, that neutral atoms of barium are probably 
present in the solar atmosphere, in a proportion which, though very 
small, is not insensible, as was stated in the preceding paper. The 
conclusion that barium is very highly ionized in the reversing layer, 
and even in spots, is confirmed by the re-examination of the data. 

The conspicuous difference between its behavior and that of 
sodium remains to be explained. The solution of the puzzle prob- 
ably lies in the fact that two ionizing agencies are certainly at work 
in the solar atmosphere—the temperature of the medium, and the 
radiation poured through it from the hotter photosphere below. 
Only the first is taken into consideration in the equations of Nernst 
and the theory of Saha, and, if it alone were active, there would be 
very strong reason to expect that the percentage of ionized atoms 
would be the same for the two elements. It is easy to see, however, 
that the second must create a difference of the sort which is observed. 

Consider a barium atom which has just become ionized. Its 
first (or most easily removable) outer electron is lost; the second 
will be in the normal state of least energy content, denoted by 1S. 
In this condition it will immediately recombine with an electron 


* Unpublished. 
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which meets it under suitable conditions. But, if photospheric 
radiation (AX 4934, 4554) falls upon it, it will absorb energy and 
the second electron will be lifted into one of the pair of positions 2P. 
If, after this, the charged atom meets a free electron, it is not so 
certain what will happen. It may be that it cannot recombine at 
all unless the second electron is in the normal position. If it can 
do so, the energy corresponding to the shifting of the second electron 
and the binding of the first one would have to be radiated. If 
this was done in a single quantum, the frequency would correspond 
to a ‘“‘combination”’ between terms of the series of ordinary and 
enhanced lines, and such combinations have never been observed. 
Leaving aside the more delicate question whether the atom could 
emit two quanta at once from different electrons, it appears prob- 
able in any event that the Ba+ atom with its second electron in 
the 2P state would be /ess likely to recombine than one in the 1S 
state. Moreover, it will be decidedly easier to ionize a second 
time, for the energy required to remove the second electron is less 
(7.15 volts instead of 9.86, after absorption of \ 4554). There is 
also the probability to be considered that the absorption of a 
second quantum of radiation may raise the second electron to the 
state 3D, to which the considerations just urged will apply with 
even greater force. 

The absorption of photospheric radiation by the ionized atoms 
of barium must therefore discourage recombination and encourage 
further ionization. Similar absorption by the neutral atoms will 
assist their ionization, so that, on the whole, the radiation must have 
a powerful ionizing influence. 

For sodium, this influence must be very much smaller, and that 
for two reasons. In the first place, the enhanced lines of sodium, 
or at least the fundamental ones, lie in the extreme ultra-violet, 
beyond \ 377,’ where the radiation of the photosphere is probably 
insensible, so that the sodium atom, once ionized, is not further 
disturbed by sunlight. Secondly, the principal lines of the neutral 
atom (the D lines) are very strong in the solar spectrum, with 
wings which indicate that they are absorbed to a great depth. 
Sodium atoms in the outer parts of the solar atmosphere are 


me 


t Millikan, Proceedings of the National Academy of Sciences, 7, 290, 1921. 
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therefore exposed to a much enfeebled radiation of just those wave- 
lengths which would be effective in aiding ionization. 

For the corresponding lines of barium, on the contrary, the 
absorption is exceedingly small, and neutral atoms in the upper 
atmosphere are exposed to the full influence of the radiation. 

When all these factors are considered, it is no longer surprising 
that barium is more highly ionized than sodium, in spite of the 
equality of their ionization potentials. 

Whether the influence of radiation is competent to produce as 
great an effect as that which is observed can be determined only 
when a quantitative theory of its action has been developed. 
It may be noticed, however, that the 3D-2P lines of Ba+ are 
almost as strong in the solar spectrum as the pair 1S—2P, which 
indicates that a large fraction of all the singly ionized barium 
atoms in the reversing layer are in the states of “‘abnormally”’ 
large energy content. 

The principle here sketched is evidently generally applicable. 
An element which has strong enhanced lines in the region where 
the continuous spectrum of the sun (or, for that matter, of any 
star) is strong, will behave as if it was relatively easier to ionize 
than one which does not possess such lines. The behavior of 
strontium, which resembles barium, but is less conspicuously 
“anomalous,” is thus explained. 

Most of the elements which are prominent in the solar spectrum 
possess such enhanced lines, with the exception of the alkali metals. 
The spectroscopic method suggested in the former paper should, 
therefore, give relatively high values for the ionization potentials 
of these metals, while it is probable that the errors for the other 
elements will be smaller. The alkaline earths, whose enhanced 
lines are very favorably situated, will probably come out with 
ionization potentials too low. 

2. Manganese.—Saha' quotes the value 7.6 volts for the ioniza- 
tion potential, derived from unpublished studies by Catalan upon 
the series in its spectrum. This agrees satisfactorily with the 
spectroscopic evidence which puts its ionization potential rather 
more than halfway from Ca (6.1) to Zm (9.4). 


™ Nalure, 107, 683, 1921. 
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3. Rubidium.—Saunders' notes that the strongest of the en- 
hanced lines given by Kayser? appear to be present, though faint, 
in the solar spectrum—the wave-lengths on Rowland’s scale being 
given in Table II. 

TABLE II 


ENHANCED LINES OF RUBIDIUM 








SPARK (EXNER AND HASCHEK) Sun (ROWLAND) 
Int. ny | Int. 
OS ey eae - 20 Absent 
4104.49... - : ; 10 4104.459 fore) 
4244.50... sepanatete = 30 | 4244.500 [ere) 
eee ‘ IO 4294.077 000 


The evidence for the presence of this metal in the sun is there- 
fore strengthened. The principal enhanced lines lie probably in the 
far ultra-violet. 

None of the stronger enhanced lines of the other alkali metals, 
as given in Kayser’s Handbuch, appear to be present in Rowland’s 
tables. 

4. Lithium.—The absence of lithium lines from the solar 
spectrum, and their faintness in spots, still presents much difficulty. 
Lithium behaves almost exactly like rubidium, though its ioniza- 
tion potential is 5.37 volts, and that of the latter 4.16. 

We cannot invoke any absorption of enhanced lines here, for 
none have even been discovered.s Compton suggests‘ that one 
factor in the problem is the small atomic weight. This will cause 
the mean atomic velocity of temperature agitation to be greater 
than for other elements (about three and one-half times that for 
rubidium), and so broaden out all its lines, so that the atoms are 
able to take hold (so to speak) of a correspondingly greater range 
of wave-length in the photospheric radiation, and use it in assist- 
ing their ionization. 

What other factors may enter remains for future discovery. 

Mr. WILson OBSERVATORY 

February 22, 1922 


* Not previously published. 3 Millikan, of. cil., p. 292. 
2 Handbuch der S pectrosko pie, 6, 350. 4 Unpublished. 
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